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The growth rate of malignant F9 embryonal carci- 
noma cells slows considerably following all-frarcs-reti- 
noic acid-induced differentiation into benign parietal 
endoderm. To determine the mechanism of this pro- 
cess, we examined the expression of cyclins Dl, D2, 
and D3 and the activity of their associated kinases. 
Cyclin Dl and D3 mRNA levels decreased during com- 
plete differentiation induced by aU-/ra»s-retinoic acid 
and dibutyryl cAMP, while the levels of cyclin D2 
and the cyclin-dependent kinase (Cdk) inhibitor p27 
mRNAs increased. Ultimately, terminally differenti- 
ated cells possessed 50% of the Cdk4-associated kinase 
activity observed in undifferentiated cells. Since nu- 
merous genes are differentially regulated during pari- 
etal endoderm differentiation, it is difficult to deter- 
mine whether retinoic acid affects cell cycle gene 
expression directly or if these changes are caused by 
differentiation* We found that the retinoid X receptor 
(EXR)-selective agonists LG100153 and LG100268 sig- 
nificantly inhibited F9 cell growth without causing 
overt terminal differentiation as assessed by anchor- 
age-independent growth and differentiation-associ- 
ated gene expression. As seen in cells induced to dif- 
ferentiate by the BAR agonist all-frans-retinoic acid, 
RXR. activation led to an increase in the number of 
cells in Gl phase, RXR agonists also sharply induced 
the levels of the Cdk regulatory subunits, cyclin D2 
and DS. However, Cdk4-dependent kinase activity was 
reduced by RXR selective retinoid treatment. These 
observations suggest that some retinoids can directly 
inhibit proliferation and regulate Cdk4-dependent ki- 
nase activity without inducing terminal differentia- 
tion. O 1999 Acndpmi« Press 
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INTRODUCTION 

Vitamin A and its chemical relatives, the retinoids, 
are important regulators of cell proliferation and dif- 
ferentiation in a diverse array of tissues. Cell types 
whose in vitro differentiation is influenced by retinoids 
include keratinocytes, chondrocytes, adipocytes, hema- 
topoietic cells, and numerous neoplastic cell lines [1, 2]. 
Retinoids slow or arrest the growth of many trans- 
formed cell lines by inducing differentiation. This ob- 
servation contributed to the development of a novel 
chemotherapeutic approach known as differentiation 
therapy. Rather than selectively killing tumor cells, 
tumor cells are induced to differentiate. These nonpro- 
liferating cells often lose the markers characteristic of 
the malignant state and gain markers of terminal dif- 
ferentiation. 

One promising differentiation agent is the vitamin A 
derivative retinoic acid (RA). RA reverses the malig- 
nancy of several tumor lines in vitro and represses 
acute promyelocyte leukemia and aerodigestive tract 
tumors [3]. In vitro, and presumably in vivo, RA exerts 
its effect by activating a cascade of differential gene 
expression ending in terminal differentiation and the 
loss of malignancy. 

RA-regulated gene expression is mediated by nu- 
clear retinoid receptors which act as ligand-dependent 
transcription factors [4], These receptors are encoded 
by six different genes, the RARs a, ft and y and the 
RXRs a, ft and y Numerous isoforrns arising from 
differential promoter usage and alternate splicing have 
been identified and the expression of these isoforrns is 
developmentafly regulated [5]. Furthermore, the re- 
ceptors can act as homodimers and heterodimers, each 
with unique characteristics [see 6, 71. While the RARs 
bind to and are activated by all-frans-RA and 9-cis-RA, 
the RXRs are activated only by 9-cis-RA. The RXRs 
form heterodimers with the RARs and several other 
receptors, including the thyroid hormone, vitamin D, 
oxysterol, peroxisome proliferator-activated receptors, 
and Nurr77/NGF1-B [8-10]. This plethora of receptors 
and gene pathways may begin to explain the multiple 
effects retinoids have on differentiation. 
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Unfortunately, toxic side effects limit the clinical use 
of retinoids. For example, retinoids are extremely ter- 
atogenic. Accutane (13-cis-RA), used for treatment of 
chronic cystic acne, is one of the most potent human 
teratogens. Babies who survive to birth exhibit malfor- 
mations of the cardiovascular system, face, and central 
nervous system and absence of the thymus 111]. The 
pleiotropic effects of natural retinoids indicate that 
multiple mechanisms contribute to these detrimental 
outcomes. To ameliorate the toxicity and teratogenicity 
of retinoids, receptor-selective agonists have been syn- 
thesized which possess a narrower spectrum of activity 
[12]. These retinoids have clinical and research value, 
as they affect the expression of a subset of the target 
genes (e.g., Bmp-2 and Bmp-4) regulated during RA- 
induced differentiation [13], Understanding the effects 
of these retinoids will aid in designing more effective 
and safe therapeutic agents. 

F9 embryonal carcinoma cells are a classic model 
system for studying the mechanisms underlying RA- 
induced terminal differentiation. F9 cells can be in- 
duced by BA and drugs that increase cellular cAMP 
levels to differentiate into a pure population of parietal 
endoderm-like cells [14]. This differentiation is charac- 
terized by a change in morphology to that typical of 
parietal endoderm and the induction of numerous pa- 
rietal endoderm genes. This synchronous and repro- 
ducible differentiation is ideal for biochemical analyses 
of retdnoid-induced responses. As occurs during the 
terminal differentiation of many cell types. F9 cells 
cease growing rapidly and lose their malignant pheno- 
type, including their ability to grow in the absence of 
substrate. The decreased growth rate could be purely 
the result of terminal differentiation or retinoids could 
directly inhibit the cell cycle system controlling growth 
rate. Most likely, a combination of these mechanisms 
plays a role. 

To understand the mechanism that lengthens the F9 
Gl phase during terminal differentiation, we have an- 
alyzed the expression and activity of several Gl phase 
regulatory proteins. Cyclins Dl, D2, and D3 are gen- 
erally considered to be positive regulatory subunits of 
the cyclin-dependent kinase 4 (Cdk4) and CdkS ki- 
nases. Ab such, increased cyclin D levels promote Gl 
progression in several cell types [15). The Gl Cdks are 
also regulated by the Cdk inhibitors p21 wan/ciplSdiyci)KNl , 
p27 top , p i6 ink4A/insiyCDKN2 > and pl5 ink4H ' wrR2 . For a general 
review, see Ref. [16]. We show here that cyclins Dl and 
D3 levels are reduced and cyclin D2 and p27 Bp levels 
are increased in terminally differentiated parietal 
endoderm cells relative to undifferentiated F9 stem 
cells. It was not clear, however, whether these changes 
required terminal differentiation or whether all-trans-RA 
directly influenced the expression of these genes. 

It has been reported that untreated F9 cells lacking 
a functional RXR gene grow more rapidly than wild- 



type cells [17]. We now report the complementary ob- 
servation. Specifically, RXR- activating retinoids de- 
crease the rate of F9 cell growth. We also show that 
RXR activation alters the expression of distinct cell 
cycle proteins in the absence of RAR-activating retin- 
oids. This occurs without complete terminal parietal 
endoderm differentiation, suggesting that retinoids 
can directly influence the cell cycle apparatus. 

MATERIALS AND METHODS 

Cell proliferation and differentiation, AH-£m/is-RA (RAR ago- 
nist), dibutyryl cAMP, theophylline, calf serum, i^glntamine, And 
0-mercaptoethanol were obtained from Sigma Chemical Co, (St. 
Louis, MO). 9-ck-RA (RAR and RXR panagonist) and TTNPB (RAR 
agonist) were obtained from Hoffrnan-LaRoche (Nutley, NJ). 
'LG100153 (LG153, RXK agonist) [18J and LG10D268 (LG268, RXR 
agonist) [19] were obtained from Ligand Pharmaceuticals (San Di- 
ego. CA). Stocks (1 raM) of retinoid solutions were prepared in 
ethanol and diluted to the appropriate concentration into media 
before use. Monolayer F9 or RA-5-1 embryonal carcinoma cells [20] 
were maintained in DMEM (Gibco BRL, Gaithersburg, MD) supple- 
mented with 10% heat-inactivated calf serum, 2 mM L-glutamine, 
and 0.1 mM 0-mercaptoethannI on gelatinized tissue culture plates 
in 10% CO, at 37°C. For differentiation, monolayers were dispersed 
into single cells with trypsin-EDTA (Gibco-BRL) and replated at the 
desired density. After cell attachment, the medium was replaced 
with medium containing the desired concentration of retinoid plus 
250 plM dbcAMP and 500 julM theophylline CCD. On the third day of 
long experiments, the medium was replaced with fresh medium 
containing drugs. 

Cell proliferation assays. F9 cells (4.5 X 10 3 ) were plated in 0.15 
ml DMEM in 96-well fiat-bottomed culture plates. After cells at- 
tached, the medium was replaced with drug-containing medium. For 
the MTS assay, separate stock solutions of MTS (3-<4,5-dunethyl- 
thiazol-2-yl>5^oM^boxymetto^^^ 2tf-tet- 
razolium, inert salt) and phenazine methosulfate (PMS) were pre- 
pared and added to the cultures to a final concentration of 100 mM 
MTS and 5 mM PMS. The amount of formazan product was assayed 
by xns&suring the absorbance at 570 nm [211. For toluidine blue 
staining, cells grown similarly in 96-well plates were fixed with 0.1 
ml of 4% paraformaldehyde for 30 min and then 0.05 ml 0.5<fc 
toluidine blue was added and incubated 1 h. The cells were Bolubi* 
Uzed with 0.1 ml 2% SDS per well and the absorbance was read at 
650 nm [221. For cell counting assays, 3 X 10* cells were plated in 1.0 
ml medium in 24-well plates. DrugB were added as described above. 
After 3 or 4 days, cells were trypsimzed and counted on a hemacy- 
tometer. 

Flow cytometry. Cells were dispersed with trypsin-EDTA and 
then fixed with 70% ethanol at -20°C for at least 30 min. The fixed 
cells were washed with PBS and then resuspended in PBS contain- 
ing 100 jig/ml RNaaeA and 40 jig/inl propkUuxn iodide. Cells were 
incubated at 37*C for 30 min. Samples were analyzed for DNA 
content on a Becton Dickinson PACSCAN using MODFIT software. 

Anchorage-independent growth. The anchorage independent 
growth assay was adapted from Chen et ai [23]. The bottom agar 
layer was prepared by mixing equal volumes of sterilized 1.4% agar 
(Difeo, Sparks, MD) and 2X DMEM supplemented with 20% heat- 
inactivated calf serum, 4 mM L-glutamine t and 0.2 mM 0-inercapto- 
ethanol. A quantity of 3.0 ml was pipetted into 60-mm non-tissue 
culture petri dishes and incubated at 37°C in 10% CO a overnight. A 
cell slurry was prepared by miring one part 1.4% agar at 45°C, two 
ports cell suspension (1.3 x 10* cells/ml suspended in IX DMEM), 
and one part 2X DMEM. The cell Blurry also contained 250 uM 
dbcAMP, 500 theophylline, and 0.1 /xM retinoid or ethanol vehi- 
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TABLE 1 

Percentage of F9 Cells in Gl, S, an d G2/M Phases Following All-lra^-RACT and LG153 CT Treatment 
Gl S O'^M 



Time 



Day 1 
Day 2 
Day 3 
Day 4 



CT 



RACT 



LG153 CT 



21.2 ± 0.6 
21.4 ± 1.2 
26.6 ± 1.0 
27.8 ± 1.1 



24.1 ± 0.2 
45.1 - 0.6 
47.5 :£ 0.5 
44.8 i 0.1 



20.9 ± 0.2 
24.9 ± 0.1 
38.9 - 1.0 
43.4 ± 0.04 



CT 



54.7 ± 0,8 
54.0 ± 1.2 
61.2 ^ 6.4 

59.8 ± 1.9 



RACT 



LG153 CT 



CT 



RACT 



49.9 a: 0.3 
42.3 ± 0.7 
39.3 ± 1.5 
38.8 ±1.2 



55.0 T 2.0 
56.4 ± 0.4 

48.0 H 0.2 

44.1 ± 0.6 



24.1 ± 1.4 
24.6 ± 0.01 

12.2 ± 5.4 
12.4 - 0.8 



LG153 CT 



26.0 + 0.1 34.1 ± 1.8 

12.6 m 0.2 18.8 i 0.6 

13.2 ± 0.9 13.1 ± 3-1 

16.4 ± 1.3 12.5 ± 0.5 



cle. A quantity of 4.5 ml prew armed cell slurry mixture containing 
3.0 X 10* cells was poured on the pre incubated bultom agar layer. 
Following a 64i incubation (37°C, 10% CO*), 3.0 ml lx DMEM 
supplemented as above waa pipetted onto the second layer. Colonies 
were visible within 11 days. 

RNA isolation and blotting, RNA isolation and northern MottinR 
procedures are described in li et al. [241. 

Preparation of protein extracts and Western blotting. F9 cell 
monolayers were lysed on ice for 30 mm in 50 mM Tris-HCl (pH 8), 
120 mM NaCI, and 0.5% Triton X-100, containing a cocktail of 
protease and phosphatase inhibitors. Lysatefi were passaged though 
a 26-gauge needle several times and then spun in a microcentrifuge 
for 15 min at 4°C to pellet cellular debris. The supernatants were 
frozen in liquid N, and stored at -80°C until used. Protein concen- 
tration was determined by Bradford assay (Bio-Rad, Hercules, CA). 

For Western blotting, 20-25 u.g protein was loaded on SDS-PAGE 
minigels £25]. Following electroblotting, filters were blocked in 5% 
aonfat dry milk and then exposed to antibodies overnight. Proteins 
were visualized by enhanced chemiluminescence (Amersham) and 
quantified by densitometry. Antibodies were- obtained from Santa 
Cruz Biotechnology (Santa Cruz, CA) (cyclin Dl, SC-450; cyclin D2, 
SC-593; cdk4, SC-260) and Neomarkers (Union City, CA) (p27, MS- 
256; cyclin D3, MS-215; and p21, MS- 5387). 

Cyclin-dependent kinase assays. Kinase assays were done essen- 
tially as described by DeGregori et al. [26). Equivalent amounts of 
protein extract, as determined by Bradford assay (Bio-Rad), were 
then added to protein A/protein G agarose beads (Santa Cruz) that 
had been precoated with 2 ug polyclonal anti Cdk4 (Santa Cruz 
SC-260) or polyclonal anti-Cdk6 (Santa Cruz SC-177) antibodies. 
Complexes were immunoprecipitated for 3 h at 4°C with constant 
rotation. Immunoprecipitates were washed and then resusp ended in 
30 ui kinase reaction mix (50 mM Hepes, pH 8.0, 10 mM MgCl 9 , 1 
mM DTT, 2.5 mM EGTA, 10 mM /^yceroi>hosphate, 0.1 mM so- 
dium orthovanadate, 1 mM NaF, 20 uM ATP, and 10 nCi fr "PIATT 
(3000 Ci/mmol, DuPont NEN, Boston, MA), containing 2 fig hacteri- 
ally expressed GST-Rb (amino acids 379-928, kindly provided by 
Doug Cress, Moffitt Cancer Center) as substrate. After incubation at 
30°C for 30 min, the reactions were stopped by the addition of SDS 
sample buffer and then boiled for 5 rm^, electcuphoresed though 7S% 
SDS-PAGE, and exposed to X-ray film. The amount of kinase activity 
was quantified by use of a phospborunager (Molecular Dynamics). 

RESULTS 

All-trans-RACT Treatment Increases the Length 
of the F9 Cell Cycle 

Cells induced to differentiate into parietal endoderm 
by exposure to alWrans-RA, 250 fM dbcAMP, and 500 
theophylline (RACT) for 4 days grow much slower 
than undifferentiated cells. The decreased growth rate 



and induction of complete differentiation depends on 
all-fra/is-RA, because cells treated only with 250 uM 
dbcAMP and 500 nM theophylline (CT) fail to differ- 
entiate and continue to divide rapidly. We compared 
the percentage of cells in each phase of the cell cycle 
during 4 days of treatment with CT or 0. 1 /iM all-trans- 
RACT by staining with propidium iodide and measur- 
ing DNA content by flow cytometry. Results are shown 
in Table 1. By the second day of treatment, 45% of the 
RACT-treated cells, compared to 21% of the CT-treated 
cells, were in Gl phaBe. All-£rores-RACT treatment 
eventually caused the number of cells in S phase to 
decline from 60 to 39%. Thus, the decreased growth of 
all-*ra/is-RACT-treated cells was largely due to an in- 
crease in the length of Gl phase relative to that of 
undifferentiated CT-treated cells. 

Regulation of Cyclin Dl, D2, and D3 Transcripts 
in F9 Embryonal Carcinoma Cells 

The cyclin D proteins are major regulatory subunits 
of the Gl Cdks. Since their concentrations directly 
regulate Gl progression, we measured the abundance 
of the cyclin D transcripts in F9 embryonal carcinoma 
cells induced to terminally differentiate into parietal 
endoderm in vitro. A time course of cyclin D expression 
was obtained by isolating RNA from cells treated with 
0.1 uM alWmris-RA (Figs. 1A and IB) or 1.0 /xM all- 
*ra7is-RA (Pigs. 1C and ID) and CT for 1, 2, 3, or 4 days. 
As controls, RNA was isolated from cells treated only 
with CT at the same time points. Figures 1A and 1C 
show the autoradiographs of Northern blots of this 
RNA and Figs. IB and ID show the data normalized to 
the constitutive message 36B4 [27]. 

Cyclin Dl mRNA abundance in celle induced to dif- 
ferentiate by exposure to 0.1 ptM all-£nms-RA and CT 
for 4 days was 26% of that observed in undifferentiated 
cells treated only with CT (P < 0.05, n = 4, Figs. 1A 
and IB, compare lanes 4 and 8; Fig. 4; and data not 
shown). A similar repression was observed in cells 
treated with 1.0 *xM all-tro/is-RA and CT (Figs. 1C and 
ID and data not shown). We also observed a decline in 
cyclin Dl mRNA levels during culture in CT-contain- 
ing medium (Figs. 1A and B). Since aD-^rans-RACT- 
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FIG, 1. Tune wurse of cyclin Dl-3 RNA levels during F9 cell differentiation. (A) Representative autoradiographs of Northern blots of 
RNA isolated from F9 cells seeded at 8.5 X 10' cells/cm* and treated with 250 dbcAMP and 500 jiM theophylline (CT, lanes 1-4) or CT 
with 0.1 pM all-awts-RA (RACT, lanes 5-8) for 1 day (lanes 1, 5), 2 days Qanes 2, 6), 3 days (lanes 3, 7), or 4 days (lanes 4, 8). 25 fig of RNA 
was loaded per lane. Blots were probed for the cyclin Dl, D2, D3, and 36EB4 RNAs as indicated Similar results were obtained with three to 
four independent Northern analyses. (B) Graphs indicate the transcript levels shown in A normalized to the level of the constitative RNA, 
36B4. In each graph, RNA levels are expressed as a percentage of those observed in the cells having the highest abundance of that RNA. (O 
RNA was isolated and analyzed for cyclin Dl RNA abundance exactly as in A and B except that cells were seeded in CT only (lanes 1-12) 
at 2.8 X 10' cells/cm 2 (lanes 1-4), 5 x 10 s cells/cm 2 (lanes 5-8), or 8.5 x 10* cells/cm a (lanes 9-12) or in 1 ^iM all-frons-RACT seeded at 8J5 x 
10 3 cells/cm 2 (lanes 13-16). Cells were grown for 1 day (lanes 1, 5, 9, 13); 2 days (lanes 2, 6, 10, 14); 3 days (lanes 3, 7, 11, 15); or 4 days (lanes 
4, 8, 12, 16). (D) Transcript levels shown in C normalized to the level of the constitutive RNA, 36B4. RACT-treated, seeded at 8.5 X 10' 
cells/cm 2 ; C, CT-treated, seeded at 8.5 X 10 3 cells/cm 5 ; □, CT-treated, seeded at 5 X 10* cens/cm'; A, CT-treated, seeded at 2.8 x 10 s ceHs/cm*. 



treated cells have a decreased growth rate, CT-treated 
cultures seeded at the same density contain approxi- 
mately three times as many cells after 4 days of cul- 



ture. Therefore, we measured cyclin Dl levels in CT- 
treated cells seeded at the usual density of 8.5 X 10* 
cells/cm 2 or at 5 x 10 3 or 2.8 X 10 3 cells/cm 2 . The data 



n/S d L900-ZZZ-618 



1900-ZZZC6L8) 



80 = 91 



ZO-21-Z002 



376 



LI FT AL. 



120 r 



□ MTS 

gj loluidine blue 
cell counting 




no drug 



ad-trans 
RACT 



FIG. 2. 1* effect, of - » -r^^K*^ 

indicated under each bar. For the MTS assay, edb m ^^^^^SoTat 630 nm was measured in 96-weIl plates (n = 8X 
nm was determined on mioroplate reader (» = SI For ^^^^^^^e™ norma li Z ed relative to the number of untreated 



shown in Figs. 1C and ID indicate that, although cyelin 
Dl levels may decline in cells grown at high density, 
aH-trans-BACr further decreases the abundance of the 
cvclin Dl mRNA. . 
' In contrast to the observed decrease in cychn LU 
mRNA level, 0.1 pM all-trans-RA and CT induced the 
cydin D2 RNA eightfold over that observed in Clj 
treated cells within 48 h of treatment {P = 0.005, n - 
4 Figs IA and IB, lane 6; and data not shown). Like- 
wise 1 0 uM all-trans-KA and CT induced the cychn 
D2 RNA strongly by 48 h (data not shown). As observed 
for the cychn Dl transcript, the abundance of the^chn 
D3 RNA declined with culture in both all-irans-RACl 
and CT-containing medium (Fig. 1). Cell density failed 
to affect this decline (data not shown). Together, these 
data indicate that the cvclin Dl and D2 transcnpt 
levels are differentially regulated by all-frcms-RACl 
during F9 cell growth and differentiation. 

RXR Agonists Inhibit F9 Cell Proliferation 

The decreased F9 cell growth rate caused by all- 
trans RA could involve genes regulated by factore as- 
sociated with terminal differentiation. This could be an 
indirect retinoid effect, because many transcription 
factors are regulated by RA. Alternatively, all-Jrans- 
RA-bound receptors could directly regulate the cell cy- 
cle genes controlling growth rate. Most likely, a com- 
bination of these mechanisms plays a role. AlRrans- 
RA, which directly activates RARor, j3, and y, may be 
metabolized to 9-cfs-RA and thus indirectly activate 
the RXRs as well. One approach to distinguish direct 



from indirect regulation of the cyclin D genes would 
require a laborious analysis of the genetic regulatory 
elements controlling each gene. An alternative phar- 
macological approach using receptor-selective retin- 
oids is more suitable for analyzing many genes These 
retinoids can activate a subset of receptors and thus a 
subset of the genes activated in all-<rans-RA-treated 

F9 cells. , ... n i 

We compared the growth of F9 cells treated with 0.1 
uM all-mws-RA, an RAR agonist; 9-cis-RA, an RAR 
and RXR panagonist; and LG100153 (LG153), an RXR 
agonist [181. Three independent cell proliferation as- 
says were used to measure cell growth (Fig. 2). Each 
assay showed that CT treatment alone did not change 
the growth rate relative to untreated F9 cells. In con- 
trast, exposure to 0.1 pM all-trans-RA or 9«w RA and 
CT resulted in significantly fewer cells (Figs. 2 and 3A). 
The RXR agonist LG153 and CT also repressed the 
number of cells by 50%, although the morphology typ- 
ical of differentiated cells was not induced. The differ- 
ence in growth was statistically significant as deter- 
mined by the Student's * test assuming equal variances 
(MTS assay, P < 0.01; cell counting, P < 0.01; tolmdme 
blue assay, P < 0.05). Since LG153 specifically acti- 
vates RXRs, these observations suggest that hgand 
activation of RXRs by LG153 inhibits the i growth of F9 
cells. LG153 has also been observed to block the ceu 
cycle of ihe myelomonocytic cell line U937 [28] . 

To examine the effect of LG153 activation on cell 
cycle traverse, we determined the percentage of cells in 
each phase of the cell cycle by flow cytometry. As shown 
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FIG. 3. RXR activation selectively inhibit F9 but not RA- 
5-1 cell growth. F9 (A, B) or RA.-5-1 (B) cells were seeded at 2 x 
10* cells per well in 24-well plates and grown for 4 days in 
medium containing 0.1 >tM retinoid and CT as indicated. Cells 
were then trypsinized and counted on a hemacytometer (n = 3—4). 
(C) F9 cells were grown in semisolid agarose in medium con- 
taining 0.1 jlM retinoid and CT as indicated. After 11 days, 
visible colonies were counted (n = 9-13). All values art normal- 
ized to the number of cells or colonies in the CT-treated cultures. 
There was no difference in the size of colonies formed in CT or 
EXR-solective retinoids. Solid bars, F9 cells; open bars, KA-5-1 
cells. Bars, SEM. 
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in Table 1, treatment with LG153 and CT for 4 days 
caused an increase in the number of cells in Gl phase 
from 21 to 43%. This did not differ significantly from 
the 45% Gl phase cells found in the RACT-treated 
cultures. The kinetics of this change in Gl length were 
different. RACT nearly doubled the number of Gl cells 
within 48 h of treatment. In contrast, the number of 
LGl53-treated cells in Gl phase were not significantly 
different until 72 h of treatment Thus, while RXR 
activation can inhibit the growth of F9 cells, the kinet- 
ics of this inhibition are distinct from that induced by 
RAR activation. 

To determine whether or not the significant inhibi- 
tion of F9 cell growth rate by LG153 was caused by the 
selective activation of RXRs, we tested another RXR- 
selective agonist, LG100268 (LG268) [191. Figure 3A 
demonstrates that 4 days of exposure to 0.1 nM LG153 
or LG268 and CT repressed F9 cell growth by 49 and 
47% respectively. The average doubling times of the 
cells over 4 days were 16. 6 h in the absence of retinoids, 
27.8 h in all-troTzs-RACT, 19.8 h in LG153CT, and 
20.7 h in LG268CT-containing medium. The receptor 
selectivity of these retinoids has been confirmed by 
binding studies and mammalian reporter assays [18, 
191. Therefore, our observations are consistent with the 
growth inhibition resulting from the ability of each 
drug to activate RXRs. 

The RXR-Selective Agonist LG268 Fails to Inhibit 
the Proliferation of an F9 Ceil Line 
That Cannot Differentiate 

Wang and Gudas isolated a mutant clone of F9 cells, 
RA-5-1, that cannot differentiate into either parietal 
[20] or visceral endoderm [29). These cells, which have 
a defective prolyl-4-hydroxylase enzyme, were selected 
by virtue of their ability to grow without anchorage in 
medium containing all-tfra/is-RA [30]. AH-*rans-RA 
fails to induce differentiation or complete growth ar- 
rest in RA-5-1 cells, although Hoxa-1, a directly RA- 
responsive gene, is induced [29]. Thus RA-5-1 cells 
begin, but fail to complete, the series of events leading 
to terminal differentiation. To test whether or not the 
RXR-selective agonists were nonselectively cytotoxic, 
we examined the effect of LG268 on RA-5-1 growth- As 
shown in Fig. 3B, aU-*ra/ta-RACT causes a 47% de- 
crease in RA-5-1 growth rate. This is significantly less 
than the 80% decrease observed in wild-type F9 cells 
(Fig. 3B, compare bars 2 and 5) and is consistent with 
published data [301 . In contrast, LG268CT did not alter 
the growth of RA-5-1 cells (Fig. 3B, compare bars 4 and 
6), although this drug inhibited F9 cell growth by 45%. 
This proves that LG268 is not generally cytotoxic. This 
result also suggests that RXR-selective retinoids in- 
hibit cell growth by a mechanism that is impaired in 
RA-5-1 cells. 
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RXR-Selective Retinoids Inhibit, but Do Not Abolish, 
Anchorage-Independent Growth 

The previous results indicate that LG153 and LG268 
decrease F9 cell growth rate in monolayer cultures. F9 
cells induced to differentiate by all-rrans-RACT are, 
like most benign cells, incapable of anchorage-indepen- 
dent growth. In contrast, untreated F9 embryonal car- 
cinoma cells are highly malignant and readily form 
colonies in semisolid agar. To further assess the effects 
of the RXR-selective retinoids on growth control in F9 
cells, we compared the number of colonies formed in 
soft agar confcuning 0.1 jxM LG153, LG268, or all- 
trans-BA and CT. Cells (3 X 10 s ) were plated in 0.35<& 
agar and colonies were counted after 11 days. Cells 
treated with CT alone formed an average of 520 ± 78 
colonies per plate. As expected for terminally differen- 
tiated cells, all-frans-RACT-treated cells failed to form 
colonies in soft agar. LG153CT- and LG268CT-treatcd 
cells formed 385 ± 82 and 242 ± 51 colonies per plate, 
respectively. Figure 3C shows the number of colonies 
normalized to the average number of colonies in CT- 
treated plates. Thus, both RXR-selective retinoids im- 
pair colony formation, although not to the same extent 
as al\-tran$-RA. These data are consistent with two 
hypotheses: (1) a subset of RXR agonist-treated cells 
terminally differentiates and these fail to form colo- 
nies, or (2) the RXR agonists fail to induce complete 
terminal differentiation, but cause some cells to be- 
come anchorage-dependent though partial differentia- 
tion or another mechanism. We do not favor the first 
hypothesis, because the RXB agonist-treated cells did 
not assume the characteristic parietal endoderm mor- 
phology. Also, as described below, the pattern of gene 
expression in RXR agonist-treated cells resembles that 
of undifferentiated cells. 

LG153-Treated Cells Express Undifferentiated Stem 
Cell Markers 

Alhtrans-RA regulates cell differentiation and pro- 
liferation by modulating gene expression {31]. To learn 
which genes are involved in RXR-mediated growth in- 
hibition, we used Northern analyses to quantify the 
expression of several genes known to be regulated dur- 
ing all-frons-RA-induced F9 cell differentiation (Fig. 
4). These genes included those expressed in undiffer- 
entiated stem cells and down-regulated by sh-trans- 
RA, as well as those induced by aU-iru/is-RA. Previous 
work showed that LG153 does not affect the expression 
of H218, which functions as a receptor for sphingosine 
1-phosphate and related compounds and is down-reg- 
ulated during RA-induced differentiation [24]. We also 
tested five other genes normally expressed in undiffer- 
entiated cells: the transcription factors Rexl (Zfp-42) 
[32], Oct3l4 [33], and Sox2 [34] and the growth factors 
Bmp4 [13] and Fgf4 [35]. As expected, each gene 



was down-regulated by RAR agonists (all-frans-RA, 
TTNPB, or RA) but not by the RXR-selective 
agonist LGl 53. TTNPB activates RARs highly selec- 
tively and cannot be metabolized to 9-cis-EA. 

LG 153 also failed to fully up-regulate the expression 
of the genes encoding the extracellular matrix protein 
laminin Bl, the growth factor Bmp2, or the transcrip- 
tion factors Hoxa-1 and RAR& as occurs in differenti- 
ated cells [32 and Refs. therein]. If the 25 to 50% 
decreases in colony formation shown in Fig. 3C were 
caused by terminal differentiation of 25 to 50% of the 
cells, then a corresponding decrease in the expression 
of all 3 tern cell markers and an increase in all parietal 
endoderm markers should have been observed. Since 
this was not observed, LG153 does not appear to induce 
parietal endoderm in a subset of the F9 cell population. 

LG153 Induces Cyclin D2 and D3 mRNA 

AM-trans-RA slows the F9 cell cycle by increasing the 
length of the Gl phase (Table 1) [17, 36], We also 
ohserved that cyclins Dl, D2, and D3 were regulated 
during F9 cell differentiation (Fig. 1). Therefore, we 
measured the expression of RNAs encoding Gl phase 
regulatory proteins which are directly involved in the 
cell cycle and growth control in cells treated with a 
panel of retinoids (Fig. 5). Retinoids that induced dif- 
ferentiation (aU-tra/is-RA, TTNPB, and 9-cis-RA) 
down-regulated tryclin Dl and cyclin E. Conversely, as 
observed for the stem cell markers H218, Rexl, Oct3/4 f 
Sox2, Bmp4, and Fgf4, the levels of cyclin Dl and E 
RNAs were unaltered in LG153-treated cells. Thus 
regulation of these genes is linked to RAR- activation 
and parietal endoderm differentiation. 

Cyclin D2 and D3 message abundance, however, was 
changed in RXR agonist-treated cells. Both LG153 
(Fig. 5) and LG268 (data not shown) induced cyclin D2 
RNA levels as efficiently as RAR agonists or panago- 
nist (8-fold). Further, cyclin D3 mRNA levels were 
induced by the RXR agonist LG153, but not by all- 
trans-RACT. The RNA-encoding p27 &p , a major Cdk 
inhibitor, was modestly, but reproducibly, up-regu- 
lated by both all-tans-RACT (2-fold, P < 0.01, n = 6) 
and LG153CT (1.4-fold, P < 0.05, n - 6). These obser- 
vations suggest that cyclin D2, cyclin D3, and p27 
may be involved in the partial growth suppression 
caused by RXR agonists. More importantly, the strik- 
ing elevation of cyclin D2 levels during ztt-trans- 
RACT-induced differentiation may not be involved in 
differentiation, but rather in cell cycle exit 

RAR- and RXR-Selective Retinoids Differentially 
Regulate Cell Cycle Protein Levels 

Having shown distinct modulations of mRNAs en- 
coding cell cycle proteins upon treatment with RAR or 
RXR-selective retinoids, we next examined the relative 
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FIG. 4- Northern analyses of genes expressed in F9 cells treated with different retinoids. CA) Representative ^toradbgraphs of Northern blots 
of RNA isolated from F9 eeUs treated for 102 h with CT and 0.1 jiM retinoids as indicated at the bottom of each lane. 22 ^ 5^ 
lane was loaded on formaldehyde^mtainiog agarose gels. Following electrophoresis, RNA was transferred to r^on filters arid nTbnteed to the 
indicated radiolabeled cDNA probes (Lam Bl, £ami™ £2). The autoradfographs of the rep«sentafavc blote hybridized to t^ constitute BNA, 
36B4, is shown at the bottom of each set of blots. (B) The amount of signal was quantified on a phosphanmager. Bar graphs m^cate a ccmnilatim 
of the data from several Northern Hots, normaKad to 36B4. Loading variation between lanes was IbrMML «■ = 2 fw 
n = 4 for Ham- 7 . The mRNA levels are expressed as a percentage of the average value observed in cells treated with CT alone (down-regi^tcd 
genes: Rexl, Oct 3/4, Fgf4, Brnp4, and Sax2) or alUrans-KACT (unregulated genes: Bmp2, Ham- 1 laminin Bl, and RARp). Bars, range ox SEM. 



protein levels directly (Fig. 6A). The amount of cyclin 
Dl protein in all^cn^-RACT-treated cells was approx- 
imately one-half the amount in undifferentiated cells 



(Pig. 6A). In contrast, treatment with the RXR-selec- 
tive retinoid (LG268CT) did not cause any appreciable 
change in the amount of cyclin Dl protein. While the 
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cyclin D2 protein was barely detectable in undifferen- 
tiated cell3, cyclin D2 protein levels were strongly in- 
duced by all-frans-RACT. Treatment with LG268CT 
induced cyclin D2 expression to a level almost one-half 
that of all-trans ttACT. Cyclin D3 levels declined by 
approximately 40% upon treatment with aSl-trans- 
RACT but were induced threefold by the RXR-selec- 
tive retinoid and CT. Thus, overall cyclin D levels in- 
creased in RXR-treated cells, despite their decreased 
rate of proliferation. , 

Cdk4 protein levels did not change appreciably follow- 
ing any treatment (Pig. 6A). In contrast to treatment 
wfth all-fro/is-RACT which induced p27 Kp , RXR-selective 
agonist and CT did not change the abundance of the Cdk 
inhibitors p21 or p27 (Fig. 6B). Thus, in KXR agonist 
treated cells, the levels of cyclin Dl, p21, and p27 
proteins resemble these of undifferentiated cells, while 
cyclin D2 and D3 protein levels are specifically induced. 

Like Ml-trans-RA, Treatment with RXR-Selective 
Retinoid Decreases Cdk4-Dependent Kinase Mtivity 

Having shown that RXR-selective retinoids modu- 
late the expression of D-type cycling in a manner dis- 
tinct from that of all-irons-RA, we next examined the 
functional consequences of this regulation. In extracts 
prepared from all-irans-RACT-treated cells, the 



amount of Cdk4-dependent kinase activity was 50% 
that observed in cells treated with CT alone (Fig. 6C). 
In these fully differentiated cells, decreased Cdk4 ki- 
nase activity correlates with decreased proliferation 
rate SXR-selective retinoids, which cannot cause nul 
differentiation (Fig. 4), also impair proliferation (Figs. 
2 and 3). In vitro kinase assays showed that treatment 
with the RXR-selective retinoid LG153 and CT de- 
creased Cdk4-dependent kinase activity by 36% (Fig. 
6C) Cdk6-dependent kinase activity was not apprecia- 
bly affected by any treatment The magnitude of the 
LG153- associated decline in Cdk4 activity correlates 
with the antiproliferative effect of this retinoid. 

DISCUSSION 

The retinoid-induced complete differentiation of F9 
embryonal carcinoma stem cells into parietal 
endoderm is accompanied by a sharply decreased pro- 
liferation rate as the cells become benign (Table 1) [11, 
36] Changes occur in numerous cellular systems dur- 
ing this process. Cells activate and inactivate various 
transcription factor genes, change shape and adhesive 
properties, and begin to secrete specialized extracellu- 
lar matrix proteins. Some of these changes result from 
the direct regulation of specific genes by retinoids and 
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FIG. 6* Cell cycle protein levels and Cdk activity in retinoid-treated cells. F9 cells were treated with CT alone or 1 pM of the indicated 
retinoid and CT for 3 or 4 days. Representative autoradiographs of ECL-visuaiised Western blots (A, B) or phosphorylated GST-Rb (C) are 
shown. (A and B) 25 of whole cell extract was electrophoresed though 12% (A) or 15% (B) SDS-PAGE gels and then the proteins were 
electroblotted to nitrocellulose. Blots were incubated with antibodies to the indicated proteins and were visualized by enhanced chemilu- 
minescence. Protein levels were quantitatod by densitometry and expressed as a percentage of the value observed in cells treated with CT 
alone. Data represent two to four experiments; bars, range or SEM. (C) Whole cell extracts were immunoprecipitated with antibodies to Cdk4 
or Cdk6. Immuncprecipitates were them tested for their ability to phosphoryiate bacterially produced GST-Rb. Reactions were electropho- 
resed on 1.5% SDS-PAGE gels. Kinase activity was quantitated with a phosphorimager and expressed relative to the kinase activity 
measured in CT-treated cells. Extracts imnmriopredpitated with normal rabbit serum were not capable of phosphoryinting Rb> indicating the 
specificity of the assay (data not shown). Data represent four experiments. Bars, SEM.. RACT- and LGCT- treated cells differed significantly 
from the CT-treated cells in the cdk4 kinase assay (P < 0.01). For the Cdk6 kinase assay, none of the samples differed significantly. 
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their receptors, e.g., Hoxa-1 [37, 38] ; while others are 
secondarily regulated by the products of directly regu- 
lated genes encoding transcription factors. The de- 
creased growth rate of RA-treated FS cells could result 
from direct regulation of cell cycle genes or by other 
genes regulated during parietal endoderm differentia- 
tion. We have presented an analysis of the changing 
expression levels of key cell cycle regulatory genes, 
cyclins Dl, D2, D3, and E, and p27* p , during F9 cell 
differentiation. We also present evidence that a retin- 
oid-stimulated decrease in proliferation can be un- 
linked from terminal differentiation. 

We observed that two different RXR agonists in- 
creased the doubling time of F9 cells from 16.6 to 20 h 
(Figs. 2 and 3). RXR activation can also slow prolifer- 
arion, without inducing differentiation of a melanoma 
cell line [39]. The inhibition of Cdk4 activity we ob- 
served in F9 cells (Fig. 6C) might explain this de- 
creased growth rate. Unexpectedly, however, cyclin D2 
and D3 protein levels were induced in F9 cells treated 
with RXR agonist (Fig 6A). The best characterized 
function of the cyclin Ds is to activate Cdk4 and Cdk6. 
However, recent observations support a distinct role 
for the Gl cyclins in differentiated cells [401. Cyclin D2 
or D3 have been shown to enter into unique protein 
complexes in cells exiting the cell cycle. For example, 
cyclin D3 bound both cyclin E and pl30 in differenti- 
ated myotubes [41J and cyclin D2 bound catalytically 
inactive Cdk2 in fibroblasts entering quiescence [42]. 
In fact, overexpression of cyclin D2 alone inhibited Gl 
progression. An increase in cyclin D3 protein abun- 
dance has also been recently reported as a relatively 
early event in HL-60 cell differentiation [43]. Whether 
or not the induction of cyclin D2 and D3 is required for 
the RXR-mediated growth suppression remains to be 
tested. However, the fact that RXR-selective retinoids 
can inhibit proliferation and induce cyclin D2 without 
inducing the complex differentiation program suggests 
that the induction of cyclin D2 during all-*ra/is-RACT- 
induced differentiation may be involved in cell cycle 
exit rather than differentiation per se. 

Retinoids inhibit the proliferation of most cells; how- 
ever, some normal and malignant cells are stimulated 
to proliferate by retinoids or require retinoids for sur- 
vival [see 44 and Refs. therein]. Indeed, supplements of 
0-carotene, a major dietary precursor to vitamin A, 
were found to increase the cancer rate in smokers [45], 
suggesting that some retinoids promote tumor cell sur- 
vival in vivo. Undifferentiated F9 cells may possess a 
repressive function that prevents growth despite reti- 
acid-induced upregulation of cyclin D2 and D3. This 
function may be absent in cells that require retinoids 
for survival. 

The complete (Jifferentiation of parietal or visceral 
endoderm from F9 embryonal carcinoma stem cells is a 
multistep process initiated by various retinoids that 



activate RARs [13]. Retinoids that activate the RXRs 
do not induce differentiation alone, but can synergize 
with suboptimal RAR agonist concentrations to cause 
complete differentiation [46, 47]. During F9 cell differ- 
entiation, the expression of numerous genes is up-reg- 
ulated or down-regulated [31]. We tested the anti-pro- 
liferative effects of an RXR agonist on an F9 cell line 
that is RA responsive, but cannot differentiate. RA-5-1 
cells transcribe Hoxa-1 in response to all-fra/is-RA, but 
fail to terminally differentiate or completely growth 
arrest [20, 29]. Ailerons- RA-treated RA-5-1 cells grew 
slower than untreated cells, but the response was lim- 
ited relative to that of wild-type F9 cells (Fig. 3B), In 
contrast, the RXR agonist did not alter RA-5-1 cell 
growth. Since RA-5-1 cells were selected by their mu- 
tant phenotype of growth in soft agar containing all- 
trans-RA [201 and since they initiate, but fail to com- 
plete, the differentiation program [20, 29], RXR- 
mediated decreased growth rate may require a process 
that is impaired in these cells. 

Normal F9 cell differentiation clearly requires the ac- 
tivity of both RARs and RXRs, because F9 cells lacking 
functional RARs or RXRs were impaired in their ability 
to differentiate in response to all-£rxzn$-RA f IV, 48, 49]. 
Interestingly, the phenotypes of these cell lines suggested 
that regulation of proliferation by retinoids was partially 
separable from differentiation. Although sh-trans-BA and 
other retinoids failed to induce the normal gene markers 
of differentiation in RAR-^null cells, these cells were as 
sensitive as wild-type cells to the antiproliferative effects 
of the retinoids [17, 48]. In contrast, the RXRa-nuH cells 
also failed to differentiate, but resisted the antiprolifera- 
tive effects of the retinoids [171- likewise, dominant-neg- 
ative RXR mutant proteins inhibited RA-induced growth 
arrest in F9 cells [50] and RXRa-null cells proliferated 
more rapidly in the absence of retinoid [17]. Our obser- 
vation that two chemically distinct RXR-selective ligands 
decrease the rate of F9 cell proliferation is consistent 
with the hypothesis that an RXR-mediated event directly 
influences cell cycle control in F9 cells. Additionally, the 
antiproliferative effect of retinoids does not require acti- 
vation of the entire differentiation program. 

The majority of retinoid-regulated genes are effi- 
ciently activated by ligand-bound RAR in a het- 
erodimer with an unbound RXR [4, 71 . At least one 
dozen, however, bind and are activated by RXR ho- 
modimers in vivo and in vitro [7, 51, 52]. The RXRs also 
bind other hydrophobic ligand receptors such as the 
thyroid hormone, vitamin D, oxysterol, and peroxisome 
proliferator-activated receptors and Nurr77/NGFI-B 
[8-10], One of the RXR-agonists with antiproliferative 
effects on our F9 cells (LG268) has been shown to 
directly stimulate the expression of 25-hydroxy-vita- 
min D3-24~hydroxylase, a key enzyme catalyzing 1,26- 
o^ydroxyvitamin D metabolism, in reporter assays 
and in mice [52]. RAR0 has been previously shown to 
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be induced by RXR hornodimers in vitro (6] and in 
yeast 153] and by RXR agonist in chick limb buds [543 
and all-frcms-RA-resistant breast cancer cells [551. We 
also observed that the RXR agonist induced RAR/3 
modestly in F9 cells (Fig. 4). Finally, we have shown 
here that RXR agonists induced the abundance of the 
cyclin D2 and D3 RNAs and proteins without RAR 
agonist (Figs. 5 and 6), suggesting that RXRs may 
activate these important cell cycle genes by a mecha- 
nism independent of ligand-bound RARs. 

The evidence indicates that all -trans-RA exerts its ef- 
fects mainly via RAR/RXR heterodimers [4]. However, 
the ability of RXR ligands to alter the level of key proteins 
in the metabolic and signaling pathways of diverse sig- 
nals, such as growth hormone, retinoids, and vitamin D 
[51-53], suggests that they can unexpectedly alter the 
response of cells to other ligands and thus influence pro- 
liferation. Our work also indicates that RXR ligands can 
directly influence the cell cycle apparatus. 
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The geranylgeranyltransferase I inhibitor GGTI-298 
has recently been shown to arrest human tumor cells in 
the G t phase of the cell cycle, induce apoptosis, and 
inhibit tumor growth in nude mice. In the present manu- 
script, we provide a possible mechanism by which GGTI- 
298 mediates its tumor growth arrest. Treatment of the 
human lung carcinoma cell line Calu-1 with GGTI-298 
results in inhibition of the phosphorylation of retino- 
blastoma protein, a critical step for G^S transition. The 
kinase activities of two G T /S cyclin-dependent kinases, 
CDK2 and CDK4, are inhibited in Calu-1 cells treated 
with GGTI-298. Furthermore, GGTT-298 has little effect 
on the expression levels of CDK2, CDK4, CDK6, cyclins 
Dl and E, but decreases the levels of cyclin A. GGTI-298 
increases the levels of the cyclin-dependent kinase in- 
hibitors p21 and pl5 and had little effect on those of p27 and 
p!6. Most interesting is the ability of GGTI-298 to induce 
partner switching for several CDK inhibitors. GGTI-298 
promotes binding of p21 and p27 to CDK2 while decreasing 
their binding to CDK6. Reversal of partner switching and 
Gj block was observed after removal of GGTI-298. Further- 
more, GGTI-298 treatment results in an increased binding 
of p!5 to CDK4, which is paralleled with decreased binding 
to p27. The results demonstrate that the GGTI-298- medi- 
ated G x block in Calu-1 cells involves increased expression 
and partner switching of CDK inhibitors resulting in inhi- 
bition of CDK2 and CDK4, and retinoblastoma protein 
phosphorylation. 



Protein prenylation is an important posttranslational modi- 
fication that is required for cellular localization and biological 
function of many proteins (1). These covalent attachments of 
farnesyl (C 15 ) or geranylgeranyl (C 20 ) to cysteines at the car- 
boxyl-terminal of some proteins are catalyzed by three different 
enzymes. Farnesyltransferase (FTase) 1 and geranylgeranyl- 
transferase I (GGTase I) modify cysteines of proteins that end 
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in CAAX (C = Cys, A = aliphatic amino acid, X = any amino 
acid) at their carboxyl-terminal with GGTase I preferring 
leucine or isoleucine and FTase preferring Met or Ser in the X 
position (1). GGTase II, on the other hand, geranylgeranylates 
on two cysteines in proteins that end in XXCC, CCXX, or CXC 
sequences. Many prenylated proteins are small G-proteins that 
are integral components of proliferative signal transduction 
pathways (1). For example, Ras farnesylation is required for its 
ability to transduce growth signals from receptor tyrosine ki- 
nases to transcription factors and the cell cycle machinery that 
regulates cell division (2). Furthermore, mutated Ras is found 
in about 30% of all human cancers and is believed to cause 
malignant transformation by constitutive activation of abnor- 
mal growth (3), Farnesylation of oncogenic Ras is required for 
its cancer-causing activity (4). Similarly, the Rho family of 
small G-proteins such as RhoA and Racl require geranylgera- 
nylation for their biological function. One of their key biological 
roles is to allow cells to traverse the G x phase of the cell cycle 
and begin DNA synthesis in S phase (5). Recently, RhoA and 
Racl have been shown to be required for malignant transfor- 
mation by Ras (6, 7). Furthermore, constitutively activated 
RhoA and Racl can also lead to oncogenic transformation (6, 7), 
The overwhelming evidence implicating the Ras and Rho fam- 
ily of proteins in aberrant proliferative pathological conditions 
such as cancer and cardiovascular diseases prompted us and 
others (reviewed in Ref. 8) to design and synthesize FTase and 
GGTase I inhibitors. 

FTI-277 and GGTI-298 are CAAX peptidomimetics that po- 
tently and selectively inhibit FTase and GGTase I, respectively 
(9, 10). We have found FTI-276 and its methyl ester FTI-277 to 
be potent inhibitors of oncogenic Ras processing and signaling 
(9). FTI-276 also potently inhibited the growth in nude mice of 
human tumors with multiple genetic alterations such as K-Ras 
mutation and p53 deletion (11, 12). FTTs from several other 
groups have also shown potent antitumor efficacy without tox- 
icity in several animal models (8). Furthermore, several FTIs 
are presently in phase I clinical trials (13). 

Selective inhibition of protein geranylgeranylation with 
GGTI-298 has major consequences on several biological path- 
ways. Pretreatment of fibroblasts with GGTI-298, blocks 
PDGF- and epidermal growth factor-dependent tyrosine phos- 
phorylation of their corresponding tyrosine kinase receptors 
(14). In contrast, selective inhibition of protein farnesylation 
has no effect on receptor tyrosine kinase phosphorylation (14). 
Furthermore, GGTI-298 inhibits the growth in nude mice of 
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human tumors by a mechanism that is not yet known (12). One 
possible mechanism may involve GGTI-298-mediated G 2 phase 
block and apoptosis in cultured human tumor cells (15). The 
ability of GGTI-298 to inhibit proliferation is not limited to 
human tumor cells that are of epithelial and fibroblast origin. 
GGTI-298 also has a major effect on the proliferative pathways 
of smooth muscle cells (16). For example, GGTI-298 is very 
effective at inducing G 2 arrest and apoptosis in rat pulmonary 
artery smooth muscle cells. Furthermore, GGTI-298 enhances 
the ability of interleukin-1/3 to induce nitric oxide synthase-2 in 
the same cells (17). This induction of nitric oxide synthase-2 
results in a large increase in the production of the nitric oxide 
radical, which is known to be inhibitory to smooth muscle cell 
proliferation. GGTI-298 also inhibited the ability of PDGF, 
interleukin-lj3, and activated Ras to induce superoxide produc- 
tion in smooth muscle cells (18). Taken together, the data 
indicate that GGTI-298 has antiproliferative effects on fibro- 
blasts, epithelial, and smooth muscle cells, and this cell growth 
inhibition appears to be mediated through a G x phase arrest. 
Recently, we have shown that in human tumors this G 2 arrest 
correlated with an induction of a cyclin-dependent kinase in- 
hibitor p21 WAF1 (19). However, whether this induction of 
p21 WAF1 is responsible for the G x arrest is not yet known. 

The Gj to S phase transition of the mammalian cell division 
cycle is a highly regulated step. The key regulators of G a /S 
progression are a series of kinases that depend on cyclins for 
activation (for review, see Refs. 20-22). For example, the d- 
type cyclins are made in early G 1} bind to and activate the G x 
cyclin-dependent kinases CDK4 and CDK6. Activation of these 
kinases also requires phosphorylation by CDK kinases such as 
CAK or cyclin H-CDK7 and dephosphorylation by phosphata- 
ses such as cdc25 (20). At this stage, the cell has reached a 
critical checkpoint of its cell cycle called the restriction point 
(R) at which time the cell checks that all is ready for DNA 
synthesis. Cyclin D-CDK4 and cyclin D-CDK6 complexes are 
now active and phosphorylate the retinoblastoma gene product 
pRb. Phosphorylated pRb disassociates from the transcription 
factor E2F, which, once freed from pRb, is able to induce the 
expression of several genes that prepare the cell for DNA 
synthesis (20). Among these is cyclin E, which activates CDK2, 
a kinase required for late G 1 to early S phase transition. The 
cyclin E-CDK2 complex hyperphosphorylates pRb, and the cell 
proceeds into S phase. At this time cyclin A expression is high, 
whereas cyclins D and E have been degraded (20). The cyclin 
A-CDK2 complex maintains the phosphorylation of pRb to sus- 
tain DNA replication. Finally CDK kinase activities are highly 
regulated by two families of CDK inhibitors, CKIs such as p21 
and p27 and the INKs such as pl5 and pl6 (20-22). These 
inhibitors play a key role in making sure the cells stop at the R 
point if any DNA damage is detected. This allows the cells to 
repair the damage before replicating their DNA. Growth fac- 
tors such as PDGF and epidermal growth factor activate sev- 
eral pathways, some of which have been shown to directly 
regulate the cell cycle (22). For example, activation of the 
Ras/Raf/MEK/ERK kinase cascade, which results in increased 
expression of cyclin Dl that in turn will activate CDK4/CDK6 
allowing cells to traverse the R point. PDGF activation of the 
Ras/RhoA pathway results in the degradation of p27, which 
also will have the same overall effect of allowing cells to tra- 
verse the R point and enter S phase of the cell cycle (23). 

The G x arrest brought about by GGTI-298 inhibition of pro- 
tein geranylgeranylation could be due to effects on several 
important steps in G x /S such as the inhibition of expression of 
cyclins D and/or E, CDK2, CDK4 and/or CDK6, or increased 
expression of CKIs and/or INKs. The work described in this 
study suggests a possible mechanism for GGTI-298 growth 



arrest involving increased expression and partner switching of 
CDK inhibitors, resulting in inhibition of CDK2 and CDK4, 
and pRb phosphorylation. 

EXPERIMENTAL PROCEDURES 

Synthesis of CAAX Peptidomimetic— The GGTase I-specific peptido- 
mimetic GGTI-298 was synthesized as described previously (10, 14). 

Cells and Culture— Human tumor cell lines Calu-1 and A-549 (lung 
carcinomas), T-24 (bladder carcinoma), and A-253 (head and neck squa- 
mous cell carcinoma) were purchased from ATCC (Manassas, VA) and 
grown in McCoy's 5A (Calu-1, T-24, and A-253) and F12K (A-549) media 
at 37 °C in a humidified incubator containing 10% C0 2 . 

Western Blotting— Cells were treated with GGTI-298 (15 jam) for 
48 h, harvested, and lysed in HEPES lysis buffer as described previ- 
ously (11, 14). Proteins were then resolved by 12.57c or 7% SDS-PAGE 
gel and immunoblotted with antibodies against RaplA/Krev-l(121), 
p21 wafi ( C _ 19 ox cyclin E (C-19), cyclin Dl (72-13G), CDK2 (M2), CDK4 
(H-22), CDK6 (C-21), pl6 INK4A (C-20), plS 1 ** 4 * (C-20), cyclin A (H-432) 
(all from Santa Cruz Biotechnology, Santa Cruz, CA), p27 rari (G173- 
524), and pRb (G3-245) (from Pharmingen, San Diego, CA). The ECL 
blotting system (NEN Life Science Products) was used for detection of 
positive antibody reactions (14). 

Flow Cytometry Analysis— Cells were treated and harvested as de- 
scribed for Western blotting, and nuclei were stained with propidium 
iodide. DNA content was analyzed by fluorescence- activated cell sorter 
as described previously (19). 

Immunoprecipitations — Cells were treated and harvested as de- 
scribed above for Western blotting. Lysates (500 jug) were then immu- 
noprecipitated with polyclonal antibodies to CDK2 (M2), CDK4 (H-22), 
and CDK6 (C-21). The immunoprecipitates were then electrophoresed 
on a 12.5% SDS-PAGE ; transferred to nitrocellulose, and immuno- 
blotted with pi 5, pi 6, p21, and p27 as described above. 

Cyclin-dependent Kinase Assay— To measure the activity of CDK2, 
histone HI was used as the substrate; for CDK4 and CDK6, GST-Rb 
(C-terminal fragment of pRb) was used as a substrate. The CDK im- 
munoprecipitates were resuspended in 10 fi\ of 50 mM Hepes (pH 7.4) 
containing 10 mM MgCl 2 , 5 mil MnCl 2 , 1 mM dithiothreitol, 10 ^iCi 
[7- :,y P]ATP and 100 /ig/ml histone HI (BM) or 20 ng/ml GST-Rb, and 
then incubated for 30 min at 30 °C with occasional mixing. The reaction 
was terminated with an equal volume of 2x loading buffer (93.75 mM 
Tris, pH 6.8, 15% glycerol, 3% SDS, 7.5% 0-mercaptoethanol). The 
sample was fractionated by SDS-PAGE, and phosphorylated proteins 
were visualized by autoradiography. 

RESULTS 

GGTI-298 Induces Accumulation of Hypophosphorylated 
pRb in the Human Lung Carcinoma Calu-1— GGTI-298 was 
previously shown to inhibit the growth in nude mice and to 
induce G x block of human tumor cells (12, 15). We sought to 
understand how GGTI-298 prevents Calu-1 cells from travers- 
ing G 1 and entering S phase of the cell cycle. We first deter- 
mined the ability of GGTI-298 to affect phosphorylation of pRb, 
one of the key events required for Gj/S transition. Calu-1 cells 
were treated for 48 h with GGTI-298 (15 jum), and the cell 
lysates were immunoblotted with an anti-pRb antibody that 
recognizes both hypo- and hyperphosphorylated forms of pRb 
as described under "Experimental Procedures." Other cell ly- 
sate aliquots were immunoblotted with antibodies to either 
RaplA or RhoA, small G-proteins that are exclusively gera- 
nylgeranylated. Finally, a set of cells were analyzed by flow 
cytometry to determine the proportion of cells at different 
phases of the cell cycle. Fig. 1A shows that Calu-1 cells treated 
with the vehicle contained predominantly hyperphosphory- 
lated pRb. Treatment with GGTI-298 resulted in hypophospho- 
rylation of pRb (Fig. 1A). Hypophosphorylation of pRb corre- 
lated with inhibition of the geranylgeranylation of the GGTase 
I substrates, RaplA and RhoA, and increased the proportion of 
Calu-1 cells in the G x phase of the cell cycle (Fig. 1A). Because 
processed and unprocessed RhoA migrated closely (Fig. 1A), we 
confirmed the effects of GGTI-298 on the processing of RhoA by 
isolating membranes and cytosolic fractions and showing that 
GGTI-298 decreases the membrane levels of RhoA while induc- 
ing accumulation of RhoA in the cytosol (Fig. IB). 
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Fig. 1. GGTI-298 treatment induces 
pRb hypophosphorylation. A, Calu-1 
cells were treated for 48 h with GGTI-298 
(15 aim), cell lysates were prepared, sepa- 
rated by SDS-PAGE, and immunoblotted 
with either an anti-pRbl, anti-RhoA, or 
anti-RaplA antibody as described under 
"Experimental Procedures." U and P des- 
ignate unprocessed and processed forms 
of RaplA. The proportion of Calu-1 cells 
in G x was determined by flow cytometry 
as described under "Experimental Proce- 
dures.'* B, Calu-1 cells were treated as 
described in A, except that membrane 
(Mem) and cytosolic (cyto) fractions were 
isolated before SDS-PAGE immunoblot- 
ting with anti-RhoA antibody. Data are 
representative of five independent exper- 
iments except for RhoA (two independent 
experiments). 
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Fig. 2. GGTI-298 treatment results in inhibition of the kinase 
activities of CDK2 and CDK4. Calu-1 cells were treated with GGTI- 
298, cell lysates were prepared and iramunoprecipitated with CDK2, 
CDK4, and CDK6 antibodies, and kinase assays were carried out as 
described under "Experimental Procedures." Data are representative of 
at least three independent experiments. 



GGTI-298 Inhibits the Kinase Activities of CDK2 and 
CDK4—We next evaluated the ability of GGTI-298 to inhibit 
Gj phase cyclin-dependent kinases that phosphorylate pRb. 
Calu-1 cells were treated with GGTI-298 for 48 h, and the 
lysates immunoprecipitated with anti r CDK2, anti-CDK4, or 
anti-CDK6 antibody as described under "Experimental Proce- 
dures." Fig. 2 shows that CDK2, CDK4, and CDK6 from control 
Calu-1 cells were active and phosphorylated histone HI 
(CDK2) and GST-Rb (CDK4 and CDK6) in vitro. Treatment 
with GGTI-298 blocked the activity of CDK2, inhibited CDK4 
and CDK6 activities by 75% and 30%, respectively(Fig. 2). 

Effects of GGTI-298 on the Expression of Various Cell Cycle 
Components— The mechanism by which GGTI-298 results in 
inhibition of the activities of CDKs could involve inhibition of 
the expression of the G x kinases themselves or their cyclins A, 
D, and E, or because of an increase in the levels of cyclin-de- 
pendent kinase inhibitors. To further investigate these possi- 
bilities, Calu-1 cells were treated with GGTI-298 for 48 h, and 
the lysates immunoblotted with antibodies to CDK2, CDK4, 
CDK6, cyclins Dl, E, and A, p21, p27, pl5, and pl6 as described 
under "Experimental Procedures." Fig. 3 shows that control- 
dividing Calu-1 cells expressed all cell cycle components eval- 
uated except p21, which was barely detectable. Treatment of 
Calu-1 cells with GGTI-298 did not alter the levels of CDK2 
and CDK4 or those of cyclins E and Dl, indicating that the 
inhibition of CDK2 and CDK4 activities is not because of a 
decrease in the levels of cyclins E and Dl or the kinases (Fig. 3). 
However, the amount of cyclin A was decreased by 20%, and 
this could contribute to the block of CDK2 kinase activity. The 
levels of CDK6 decreased by 15%, and this could account for the 
decrease in its kinase activity (Fig. 2). Furthermore GGTI-298 
greatly increased (7-fold) the levels of p21 } and to a lesser 
extent (2-fold) increased the levels of pl5 and had little effect 
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Fig. 3. Effects of GGTI-298 on the protein levels of CKIs, 
cyclins, and CDKs. Calu-1 cells were treated and processed as de- 
scribed in the legend for Fig. 1, except lysates were immunoblotted with 
antibodies to the indicated proteins as described under "Experimental 
Procedures." Data are representative of at least six independent 
experiments. 



on the levels of pl6 and p27 (Fig. 3). 

GGTI-298 Induces Partner Switching of CDK Inhibitors-^ 
The above data suggest that the inhibition of CDK2 and CDK4 
and the subsequent hypophosphorylation of pRb are caused by 
increased protein levels of some of the CDK inhibitors. There- 
fore we investigated whether association of the CDKs with 
their inhibitors was also affected. Calu-1 cells were treated 
with vehicle (control) or GGTI-298 for 48 h, the lysates were 
immunoprecipitated with various CDKs, the immunoprecipi- 
tates were separated by SDS-PAGE and immunoblotted by 
various CKIs. Fig. 4 shows that in control cells, p21 and pl5 
were associated with primarily CDK6, whereas p27 was pri- 
marily associated with CDK4 and CDK6. Treatment with 
GGTI-298 increased (7-fold) association of p21 with CDK2 
while decreasing (70%) its association with CDK6. Similarly, 
GGTI-298 treatment decreased binding of p27 to CDK6 (85%) 
and CDK4 (22%) and increased binding to CDK2 (2-fold) (Fig. 
4). Furthermore, GGTI-298 treatment increased (2-fold) asso- 
ciation of pl5 to CDK4 with no effects on association with 
CDK6 (Fig. 4). Finally, GGTI-298 had no effect on the associ- 
ation of pl6 with CDK4 or CDK6 (data not shown). Thus, 
GGTI-298 treatment resulted in a partner switch for p21 and 
p27 from CDK6 to CDK2. Furthermore, GGTI-298 treatment 
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Fig. 4. GGTI-298 treatment induces partner switching of CKIs. 

Calu-1 cells were treated and processed as described in the legend to 
Fig. 2, except the immunoprecipitates were separated by SDS-PAGE 
and immunoblotted with antibodies for p21, p27, and pl5. Data are 
representative of at least four independent experiments. 
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Fig. 5. GGTI-298 induces partner switching in several human 
tumor cell lines. A-549, T-24, and A-253 cells were treated and proc- 
essed as described in the legend to Fig. 4. Data are representative of two 
independent experiments. 



also induced an increased association of CDK4 with pl5 while 
decreasing its association with p27. 

We next determined whether the GGTI-298-induced partner 
switching is unique to Calu-1 cells. To this end, we treated 
three other human tumor cell lines; A-549 lung carcinoma, 
T-24 bladder carcinoma, and A-253 head and neck squamous 
cell carcinoma with GGTI-298, immunoprecipitated the lysates 
with CDK2 and CDK6 antibodies, and blotted with p27 anti- 
body as described under "Experimental Procedures." Fig. 5 
shows that in all three cell lines treatment with GGTI-298 
increased the levels of p27 associated with CDK2 while it 
decreased the levels associated with CDK6. 

Removal of GGTI-298 Results in Reversal of Partner Switch- 
ing—To determine whether removal of GGTI-298 would result 
in reversal of G Y block and partner switching, we treated 
Calu-1 cells with GGTI-298 for 48 h, fresh medium lacking 
GGTI-298 was then added, and the cells collected after 0, 4, 24, 
and 48 h post-GGTI-298 removal. The ceUs were then har- 
vested and processed for p21 waf induction, immunoprecipita- 
tion/blotting and flow cytometry as described under "Experi- 
mental Procedures " Fig. 6 shows that, consistent with Fig. 4, 



64 82 85 79 68 



Ipcdk-2/Blotp27 



Ipcdk-6/Blotp27 



Ipcdk-4/Blotp27 



%ofCellsinG0/Gl 



Fig. 6. Time course reversal of GGTI-298 effects. Calu-1 cells 
were treated with either vehicle {control) or with GGTI-298 for 48 h at 
which time fresh medium lacking GGTI-298 was added, and the cells 
were collected at 0, 4, 24, and 48 h. The cells were then processed for 
p2l' oaf immunoblotting, flow cytometry, and immunoprecipitation with 
CDK2, CDK4, and CDK6 antibodies, followed by immunoblotting with 
p27 antibody as described under "Experimental Procedures." Data are 
representative of two independent experiments. 



GGTI-298 induced p21 waf , partner switching of p27 from CDK6 
to CDK2 and G 1 block (compare control versus GGTI-298 lanes 
of Fig. 6). GGTI-298 had little effect on the association of p27 
with CDK4. Removal of GGTI-298 resulted in a time-depend- 
ent reversal of p21 waf induction, partner switching, and Gj 
block. Little change was observed 4 h after removal. However, 
significant reversal occurred at 48 h (Fig. 6). 

DISCUSSION 

Although there are more geranylgeranylated proteins than 
farnesylated proteins, more efforts have been spent on design- 
ing, synthesizing, and biologically characterizing FTase rather 
than GGTase I inhibitors (8). The intense search for FTase 
inhibitors was prompted some years ago by the realization that 
farnesylation is required for the cancer-causing activity of the 
important oncoprotein Ras (8). Recently, however, more atten- 
tion has been directed toward understanding the effects of 
inhibiting (by GGTase I inhibitors) the function of geranylgera- 
nylated proteins. This is primarily due to the discovery that 
some geranylgeranylated proteins such as those from the Rho 
family are essential for normal and aberrant proliferation in 
several cell types (1, 5). In addition to their ability to inhibit 
human tumor growth, GGTase I inhibitors may also have great 
therapeutic potential in cardiovascular diseases. For example, 
GGTI-298 blocks the ability of smooth muscle cells to prolifer- 
ate by inducing a G x block and apoptosis (16). This may be 
related to the inhibition by GGTI-298 of PDGF and Ras induc- 
tion of superoxide formation (18) suggesting that a gera- 
nylgeranylated protein downstream of Ras is critical to events 
regulating cell division. This is consistent with a recent report, 
which shows that the geranylgeranylated protein Racl medi- 
ates superoxide formation and transformation by Ras (24). In 
this study, we demonstrate that GGTI-298 treatment of the 
human lung carcinoma Calu-1 cells results in a large increase 
of the CDK inhibitor p21 and a modest increase of pl5 with 
little effect on p27 and pl6. In nontreated dividing cells, CDK2 
and CDK4 bound mainly p27 and their kinases were active, 
whereas CDK6 bound all inhibitors and was also active. Upon 
treatment with GGTI-298, p21 and p27 switched partners from 
CDK6 to CDK2, whereas pl5 became bound to CDK4. The 
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effects of GGTI-298 on the observed partner switching was 
reversible. We found that removal of GGTI-298 resulted in 
reversal of the G x phase block, which, was paralleled by a 
reversal of partner switching of p27 from CDK2 to CDK6. 

The fact that in dividing cells, CDKs are bound to some 
inhibitors is not surprising, because low levels of such inhibi- 
tors may be required to stabilize cyclins with the corresponding 
CDKs (25). This is also consistent with the suggestion that 
some CDKs may serve as cellular reservoirs for low levels of 
inhibitors (26). Furthermore, although there was little increase 
in total cellular levels of p27 after GGTI-298 treatment, the 
amount of p27 bound to CDK2 was increased. This suggests 
that p27 that was released from CDK6, and to a lesser degree 
from CDK4, bound to CDK2. Taken altogether, the data sug- 
gests that GGTI-298 induced partner switching for p21 and p27 
from CDK6 to CDK2. This partner switching was not unique to 
Calu-1 cells and was found to occur in three other human 
tumor cell lines, A-549, T-24, and A-253. These results are 
similar to those obtained from cells that were arrested in late 
G 1 following treatment with transforming growth factor (27). 
In these cells, transforming growth factor j3 induced the expres- 
sion of pi 5, which bound CDK4 and CDK6 and displaced p27 
from cyclin D CDK4 and cyclin D-CDK6 complexes (27). The 
free p27 bound the cyclin E*CDK2 complex and inhibited its 
activity, which resulted in preventing cells from entering S 
phase (27). 

The fact that inhibition of protein geranylgeranylation re- 
sults in Gj arrest suggests that some geranylgeranylated pro- 
teins are required for cell progression from G x to S. The most 
likely candidates are members of the Rho family of proteins 
such as RhoA and Racl. In this study, we showed that GGTI- 
298 inhibits the processing of RhoA, and recently we have 
demonstrated that RhoA represses p21 wa f transcription and 
suggested that GGTI-298 induction of p21 waf is mediated by 
inhibition of RhoA geranylgeranylation (29). Furthermore, it 
has been shown that both RhoA and Racl, when microinjected 
into G-, -arrested cells, promote progression to S phase (5). Fur- 
thermore, dominant-negative Racl and RhoA reverse onco- 
genic Ras transformation (6, 7). Racl may regulate transcrip- 
tion by activating the Jun kinase pathway that in turn will 
affect genes that are regulated by AP-1. Furthermore, very 
recently Tapon et al (28) discovered a novel effector of Racl, 
POSH, a kinase that appears to be required for activation of 
Jun kinase by Racl. It would be of great interest to determine 
whether activated Jun kinase or POSH would rescue the cells 



from the GGTI-298 mediated Gj block. These studies, which 
are in progress, will further enhance our understanding of how 
inhibition of protein geranylgeranylation results in G! arrest. 
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Although it is known that calmodulin is involved in !*i 
progression, the calmodulin-dependent Gj events are 
not well understood. We have analyzed here the role of 
calmodulin in the activity, the expression, and the intra- 
cellular location of proteins involved in G 1 progression. 
The addition of anti-calmodulin drugs to normal rat kid- 
ney cells in early G 1 inhibited cyclin-dependent kinase 4 
(Cdk4) and Cdk2 activities, as well as retinoblastoma 
protein phosphorylation. Protein levels of cdk4, cyclin 
Dl, cyclin D2, cyclin E, p21, and p27 were not affected 
after CaM inhibition, whereas decreases in the amount 
of cyclin A and Cdc2 were observed. The decrease of 
Cdk4 activity was due neither to changes in its associa- 
tion to cyclin Dl nor to changes in the amount of p21 or 
p27 bound to cyclin Dl-Cdk4 complexes. Calmodulin in- 
hibition also produced a translocation of nuclear cyclin 
Dl and Cdk4 to the cytoplasm. This translocation could 
be responsible for the decreased Cdk4 activity upon cal- 
modulin inhibition. Immunoprecipitation, calmodulin 
affinity chromatography, and direct binding experi- 
ments indicated that calmodulin associates with Cdk4 
and cyclin Dl through a calmodulin-binding protein. 
The facts that Hsp90 interacts with Cdk4 and that its 
inhibition induced Cdk4 and cyclin Dl translocation to 
the cytoplasm point to Hsp90 as a good candidate for 
being the calmodulin-binding protein involved in the 
nuclear accumulation of Cdk4 and cyclin Dl. 



Calmodulin (CaM) 1 is the main Ca 2+ -binding protein in non- 
muscle cells. The functions of CaM are mediated by its associ- 
ation with specific target proteins, Le. CaM-binding proteins 
(CaMBPs). CaMBPs include a great variety of proteins, some of 
which are located in the cell nucleus (e.g. kinases, such as 
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CaM-dependent protein kinases II and IV and myosin light 
chain kinase, phosphatases, such as calcineurin, RNA-binding 
proteins, such as hnRNP A2 and hnRNP C, and the autoanti- 
gen La/SSB), indicating that CaM regulates nuclear functions 
(1). 

It is now well established that CaM is involved in the regu- 
lation of the cell cycle (2). By using expression vectors capable 
of inducibly synthesizing CaM sense' or antisense mRNAs, it 
has been shown that progression through Gj and mitosis exit is 
sensitive to changes in the intracellular concentration of CaM 
(3). Furthermore, the addition of specific anti-CaM drugs to cell 
cultures inhibits reentry of growth-arrested cells into the cell 
cycle {G 0 /G 1 transition), progression into and through the S 
phase, and entry and exit from mitosis (4-10). 

Recent reports also give some suggestions of the* role of CaM 
on G^S transition, although some of the results are controver- 
sial The addition of anti-CaM drugs to NRK cells during the 
early G 1 inhibits the onset of DNA synthesis (9). Inhibition of 
the CaMKII also blocks G 1 progression in NIH 3T3 cells (11). 
On the contrary, calcineurin, but not CaMKII, has been shown 
to be essential for G/S transition in Swiss 3T3 cells (12). The 
activation or expression of several enzymes and proteins in- 
volved in DNA replication, such as DNA polymerases a and 8 
and the proliferating cell nuclear antigen, is inhibited after the 
addition of anti-CaM drugs during early G 1 (9, 13, 14). Fur- 
thermore, CaM has also been shown to be essential for retino- 
blastoma protein (pRb) phosphorylation (15). All of these re- 
sults suggest that CaM is essential for the activation of the cell 
cycle regulatory machinery involved in progression from G 1 to 
S phase. 

In mammalian cells, progression through the cell cycle is 
regulated by a family of serine/threonine protein kinases called 
cyclin-dependent kinases (Cdks). These kinases are formed by 
two subunits, a catalytic subunit that is present throughout the 
cell cycle and a regulatory subunit, called cyclin, that is present 
only at specific stages of the cell cycle. Cyclin D-Cdk4, cyclin 
E-Cdk2, cyclin A-Cdk2, and cyclin B-Cdkl are sequentially 
activated during G lf Gj/S transition, S phase, and mitosis, 
respectively (16-19). 

The activity of the cdks is regulated by several mechanisms: 
cyclin binding, phosphorylation, and binding to specific Cdk- 
inhibitory proteins (20, 21). Activating and inhibitory phospho- 
rylation sites exist in the catalytic subunit (22-24), To date, 
seven Cdk-inhibitory proteins have been identified in mamma- 
lian cells (21). They are divided into two major families: INK4 
and CIP/KIP. The INK4 family includes pl6, pl5, pl8, and pl9, 
which interact specifically with Cdk4 and Cdk6. Addition of 
pi 6 to cyclin D-Cdk4 complexes results in the dissociation of 
the kinase complex, and binding of pl6 to monomelic Cdk4 
prevents cyclin D association (25). The CIP/KIP family of in- 
hibitors comprises three members: p21, p27, and p57. They 
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have a broad range of specificity and can inhibit all of the Gj 
cdk-cyclin complexes. Moreover, they have higher affinity for 
the cyclin-Cdk complexes than for the monomelic cdk subunit 
(26, 27). 

The major function of cyclin D-Cdk4 during Gj is the phos- 
phorylation of the pRb family members (28, 29). The transcrip- 
tion factor E2F is bound to the hypophosphorylated form of 
pRb, but after phosphorylation of pRb, E2F is released, and 
then it activates transcription of S-phase-specific genes (30, 
31). Among the genes containing E2F-binding sites in their 
promoter regions are those encoding for enzymes and proteins 
that are essential for DNA replication, such as DNA polymer- 
ase a, thymidine kinase, ribonucleotide reductase, cyclin A, 
and cyclin E (32-36). The activation of cyclin Dl-Cdk4 and 
phosphorylation of pRb is thus a limiting step for G x progres- 
sion. Cdk2-cyclin E is also essential for G,/S transition. It also 
phosphorylates pRb and possibly some other proteins essential 
for the onset of DNA replication (18, 37). 

Despite the evidence indicating that CaM plays a role in Gj 
progression, not much is known about the specific mechanisms 
regulated by CaM during this phase. Here, we analyzed the 
effect of the addition of an anti-CaM drug during G 1 on the 
activation and regulation of G 1 cyclin-cdk complexes. 

EXPERIMENTAL PROCEDURES 

Cell Cultures— NRK cells were made quiescent by growing them to 
confluence in Dulbecco's minimum essential medium supplemented 
with 5% FCS and then kept for 3 days in the same medium but with 
only 0.5% FCS. To allow them to reenter the cell cycle, quiescent cells 
were trypsinized and subcultured at a lower density in fresh medium 
supplemented with 5% FCS. Unless otherwise indicated, the anti-CaM 
drug W13 or the control drug W12 was added to the cell culture medium 
at a final concentration of 15 pg/ml at 5 h after proliferative activation 
of the cells. Other anti-CaM drugs used were W7, J8, and calmidazo- 
lium. They were also added 5 h after proliferative activation. In vivo 
DNA synthesis was examined by measuring the incorporation of 
[ 3 H3 thymidine into whole cell DNA. NRK cells (10 5 per 35-mm plate) 
were pulse-labeled for 1 h with [methyl- 3 K\ thymidine (5 Ci/mmol) (Am- 
ersham Pharmacia Biotech) at 4 pCi/ml in medium supplemented with 
5% FCS. Precipitation and solubilization of DNA were done as de- 
scribed previously (9). 

Gel Electrophoresis and Immunoblotting—CeWs were lysed in a 
buffer containing 2% SDS, 67 mM Tris-HCl, pH 6.8, and 10 mM EDTA. 
The extracts were electrophoresed on SDS-polyacrylamide gels essen- 
tially as described in Ref. 38. Two-dimensional gels were run as de- 
scribed in Ref. 39. After electrophoresis, the proteins were transferred 
to Immobilon-P strips for 2 h at 60 V, for 20 h at 30 V in the case of pRb 
analysis, or for 1 h at 60 V in the case of CaM analysis. The sheets were 
preincubated in TBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl), 0.05% 
Tween 20, and 5% bovine serum albumin for 1 h at room temperature 
and then incubated for 1 h at room temperature in TBS, 0.05% Tween 
20, 1% bovine serum albumin, and 0.5% nonfat milk powder containing 
antibodies against Cdk2 (06-505, Upstate Biotechnology, 3 pg/ml), Cdc2 
(06-194, Upstate Biotechnology, 3 pg/ml), Cdk4 (sc-260-R, Santa Cruz 
Biotechnology, 0.5 pg/ml), cyclin A (06-138, Upstate Biotechnology, 7 
pg/ml), cyclin E (sc-198, Santa Cruz Biotechnology, 1 pg/ml), cyclin D 
(06-450, Upstate Biotechnology, 2 pg/ml), pRb (sc-50, Santa Cruz Bio- 
technology, 2 pg/ml), p21 (sc-397, Santa Cruz Biotechnology, 2 pg/ml), 
and p27 (1:500 dilution; gift from Dr. Massague, New York, NY) poly- 
clonal antibodies or CaM (06-45005-173, Upstate Biotechnology, 1:2000 
dilution) monoclonal antibody. After washing in TBS, 0.05% Tween 20 
(three times, 10 min each), the sheets were incubated with either a 
peroxidase-coupled secondary antibody (1:1000 dilution) (Bio-Rad) or 
an alkaline phosphatase-coupled secondary antibody (1:10000) (Pro- 
mega) for 1 h at room temperature. After incubation, the sheets were 
washed twice in TBS, 0.05% Tween 20 and once in TBS. The reaction 
was visualized by ECL (Amersham Pharmacia Biotech) or with BCIP/ 
NBT (Promega). 

Immunoprecipitation and Kinase Assays — To detect protcma associ- 
ated with cdk4, immunoprecipitations were performed asfdescmbed in 
Ref. 40. Cells (5-10 x 10 7 ) were lysed in 1 ml of BuffeW&450 mM 
Tris-HCl, pH 7.4, 0.1% Triton X-100, 5 mM EDTA, 250 mM NaCl, 50 mM 
NaF, 0.1 nut Na 3 V0 4 , 1 mM phenyl methylsulfonyl fluoride, and 10 
pg/ml leupeptin). 3-5 mg of protein from the lysates were incubated 



with 4 Mg of anti-Cdk4 (sc-260-R, Santa Cruz Biotechnology) or anti- 
cyclin Dl (06-137, Upstate Biotechnology) antibodies or with 3 pi of 
normal rabbit serum (controls) for 2 h at 4 °C. Protein immunocom- 
plexes were then incubated with 40 pi of protein A-Sepharose (Pierce) 
for 1 h at 4 °C, collected by centrifugation, and washed three times in 
Buffer A. Immunoprecipitated proteins were then analyzed by electro- 
phoresis and Western blotting. A lysate from NRK cells was always 
loaded in the same gel in order to have a control for the mobility of each 
protein. To analyze coimmunoprecipitation of CaM with Cdk4 or cyclin 
Dl, cells were lysed in Buffer B (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 
0.5% Nonidet P-40, 50 mM NaF, 0.1 mM Na 3 V0 4 , 1 mM phenylmethyl- 
sulfonyl fluoride, and 10 pg/ml leupeptin) and then incubated with the 
anti-Cdk4 antibodies as indicated above. In this case, the protein A- 
Sepharose used was previously blocked with a solution of bovine serum 
albumin (2 mg/ml). For kinase assays, immunoprecipitations were per- 
formed similarly, but 5 X 10 6 cells were used per assay, and the lysates 
were first precleared by addition of 30 pi of normal rabbit serum and 50 
pi of protein A-Sepharose. The immunoprecipitated complexes were 
washed in kinase buffer (HEPES-Na, pH 7.4, 10 mM magnesium ace- 
tate, and 1 mM dithiothreitol) and then incubated in kinase buffer 
containing 20 pM [y- 32 P]ATP (2-4 x 10 4 cpm/pmol) and 2.5 pg of 
histone HI (for Cdk2) or 1 pg of pGST-Rb (379-792) fusion protein (for 
Cdk4 kinase) for 20 min at 30 °C in a final volume of 35 pi (41). Then, 
the samples were electrophoresed on SDS-polyacrylamide gels, and the 
gels were stained with Coomassie Blue, dried, and exposed to x-ray 
films at -80 °C. GST-Rb (379-792) fusion protein expression plasmid 
was a kind gift from Dr. Grana (Philadelphia, PA). 

Immunocytochemistry— Quiescent cells were grown on glass cover- 
slips. To detect Cdk4 or cyclin D, cells were fixed in cold methanol for 2 
min. For nucleolin staining, cells were fixed in 3% paraformaldehyde/ 
PBS (140 mM NaCl, 5 mM Na 2 HP0 4 , 1.5 mM KH 2 P0 4 , pH 7.2) for 20 min 
at room temperature and permeabilized with 0.2% Triton X-100 in PBS 
for 10 min at room temperature. In all cases, the nonspecific sites were 
subsequently blocked with 1% ovalbumin/PBS for 10 min at room 
temperature. Cells were then incubated 1 h at 37 °C in a humidified 
atmosphere, with the specific polyclonal antibodies anti-Cdk4 (sc- 
260-R, Santa Cruz Biotechnology, 1:50 dilution; C-18720, Transduction 
Laboratories 1:20 dilution), anti-cyclin Dl (06-194, Upstate Biotech- 
nology, 1:50 dilution) or an ti -nucleolin (1:200 dilution; a gift of Dr. 
Ghisolphi-Nieto). Coverslips were then washed three times (5 min each) 
in PBS and incubated for 45 min at 37 °C with fluorescein-conjugated 
anti-rabbit antibody (1:100 dilution, Sigma). After two washes in PBS, 
coverslips were mounted on glass slides with Mowiol (Calbiochem). The 
specificity of the antibody response was demonstrated by the preabsorp- 
tion of the antibodies with the antigenic peptide. In order to quantify 
nuclear Cdk4 or cyclin Dl after anti-CaM drugs treatment, peroxidase- 
conjugated secondary antibodies were used and visualized developing 
with 3,3'-diaminobenzidine. The ratio of absorbance to area was ob- 
tained using KS 100 Kontron Imaging System software. Nuclei were 
considered stained when the ratio of absorbance to area was above 0.1. 

Microinjection— Quiescent cells were seeded onto glass coverslips at 
50-60% confluence and activated as described above. Coverslips were 
transferred into Dulbecco's minimum essential medium (HEPES mod- 
ification) (Sigma) 5% FCS fresh medium just before injection, (5-8 h 
after proliferative activation). The CaM-dependent protein kinase II 
fragment 290-309 (42) aqueous solution was mixed with molecular 
weight 155,000 rhodamine-dextran (Sigma) in PBS, to act as an injec- 
tion marker (final concentrations, 240 pM peptide and 1% dextran). 
Microinjection of 1% dextran in PBS solution was used as a control. 
Cytoplasmic injections were carried out with a Zeiss automated injec- 
tion system equipped with an Eppendorf 5246 transjector. After injec- 
tion coverslips were placed into fresh Dulbecco's minimum essential 
medium 5% FCS medium and incubated for 1 h before fixation and 
immunocytochemical processing as described above to measure nuclear 
staining of Cdk4. To measure the labeling index with BrdUrd, cover- 
slips were incubated until 21 h after proliferative activation, BrdUrd (3 
pg/ml) was added to the medium at 19 h, and cells were fixed in 
ethanoVacetic acid (95:5) for 30 min. BrdUrd was detected with mono- 
clonal anti-bromodeoxyuridine antibody (Amersham Pharmacia Biotech) 
according to the manufacturer's procedures using fluorescein-conju- 
gated anti-mouse antibody (dilution 1:100, Boehringer Mannheim) as 
secondary antibodies. Microinjected cells were detected by the rhoda- 
mine cytoplasmic signal, and BrdUrd or cdk4 nuclear staining was 
detected by the fluorescein signal. Quantitation of nuclear cdk4 stain- 
ing was performed with the KS 100 Kontron Imaging System software. 
The "meangreen" (mean densitometric value of channel green) of each 
nucleus was recorded. Nuclei were considered stained when meangreen 
was above 100 grey units. The results represent the average of at least 
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two separate experiments. Minimum totals of 80 and 40 cells were 
measured for peptide/dextran- and dextran-injected cells, respectively. 

Calmodulin-Sepharose Affinity Chromatography— Cells (2 X 10 7 ) 
were lysed in 500 p\ of Buffer C (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 
1% Triton X-100 ; 1 mM dithiothreitol, 200 pM Na 3 V0 4 , 0.1 mM phenyl- 
methylsulfonyl fluoride, 1.5 pM pepstatin, 2 jig/ml leupeptin, 4 jug/ml 
aprotinin) containing 5 mM EGTA. Solubilized proteins (1 mg) were 
loaded to a 300-jd DEAE-Sephacel column preequilibrated with Buffer 
C. Proteins not bound to the column were collected. Under these con- 
ditions, endogenous CaM remains bound to the column, whereas Cdk4 
is found in the flow-through fraction. An adequate volume of 100 mM 
CaCl 2 was added to this fraction to obtain a final concentration of 7 mM 
CaCl 2 and then was mixed with 300 pi of CaM-Seph arose 4B preequili- 
brated with Buffer C containing 2 mM CaCl 2 . The resin was subse- 
quently washed with the same buffer, and finally, the CaMBPs were 
eluted three times with 300 pi of Buffer C containing 5 mM EGTA. 
Eluted fractions were subsequently analyzed by Western blot. For the 
pull-down experiments, flow-through from the DEAE-Sephacel (con- 
taining 5 mM EGTA) was. incubated for 2 h at 4 °C with 40 pi of 
CaM-Sepharose or Sepharose alone in the same buffer (5 mM EGTA) or 
after the addition of 7 mM Ca 2 CI. Samples were washed five times with 
lysis buffer C containing either EGTA or free Ca 2 " and then extracted 
directly with SDS-polyacryl amide gel electrophoresis Laemmli loading 
buffer and analyzed by Western blot. 

RESULTS 

Inhibition of CaM during Early G 2 Blocked pRb Phosphoryl- 
ation and Cdk4 and Cdk2 Activation — When NRK cells were 
activated to proliferate from quiescence, they reenter the cell 
cycle and start DNA synthesis at 12 h, reaching a maximum at 
18-20 h (9, 43). Addition of different anti-CaM drugs 5 h after 
activation (first half of G ± ) inhibited the entrance of the cells 
into S phase, the activation of DNA polymerases a and 5, and 
the expression of proliferating cell nuclear antigen (9, 13, 14). 
Addition of the same anti-CaM drugs later in G 1 had much less 
effect. We first analyzed whether this inhibitory effect was 
reversible. The anti-CaM drug used was W13. W12 was used as 
a control because it is chemically very similar to W13 but it has 
much lower affinity for CaM. W13 has been extensively used to 
inhibit CaM in cell cultures, and it is known to be highly 
specific at the dosages used in this work (6, 9, 13, 14). W13 (15 
/xg/ml) or W12 (15 jog/ml) was added to the medium 5 h after 
proliferative activation of the cells. Drugs were removed 2 h 
later, and the cells were incubated with fresh media containing 
5% FCS. Thymidine incorporation during 1 h was measured in 
nontreated and W13- and W12-treated cells at 18 h, 20 h, 22 h, 
and 24 h. Nontreated and W12-treated cells showed a maxi- 
mum of thymidine incorporation at 20 h, whereas W13-treated 
cells reached the same level of thymidine incorporation but 
with a maximum at 22 h (Fig. 1). Thus, inhibition of CaM for 
2 h at mid G x produced a reversible G x arrest, and cells syn- 
chronously proceed into S phase upon removal of W13 with a 
delay of 2 h. One of the key events for G a to S phase progression 
is Cdk4 and Cdk2 activation and consequently pRb hyperphos- 
phorylation. Thus, the phosphorylation status of this protein 
upon anti-CaM drug addition was analyzed. The drug was 
always added 5 h after proliferative activation of the cells. 
Thus, they were added after the peak of Fos expression (data 
not shown). 

Hyperphosphorylated pRb has a reduced mobility in SDS- 
polyacrylamide gels; thus, it can easily be distinguished from 
the hypophosphorylated form (44). In quiescent cells, pRb was 
hypophosphorylated. At 5 h, the phosphorylated form was al- 
ready detected, and at 20 h, in cells treated with control drug 
(W12), almost all pRb was hyperphosphorylated (Fig. 2A). In 
W13-treated cells analyzed at 20 h, the hypophosphorylated 
form was the most abundant, indicating that the inhibition of 
CaM blocked the phosphorylation of pRb. 

To analyze whether the blockage of pRb phosphorylation by 
CaM inhibitors was due to the inhibition of Cdk4 or Cdk2, their 
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Fig. 1. Reversible G 1 arrest induced by CaM inhibition. 

[ 3 H]Thymidine incorporation for 1 h into whole cell DNA was measured 
at 16, 18, 20, 22, and 24 h after proliferative activation of NRK cells as 
indicated under "Experimental Procedures." Open circles are [ 3 H] thy- 
midine incorporation into cells that had not been treated with any drug. 
W12 (closed circles) or W13 {closed squares) was added to the medium 
(15 jig/ml) 5 h after proliferative activation; 2 h later, they were re- 
moved, and medium (5% FCS) free of drugs was added. 
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Fig. 2. Effect of anti-CaM drug addition on pRb phosphoryla- 
tion and Cdks activity. A, effect of anti-CaM drug treatment on pRb 
phosphorylation. Quiescent NRK cells (Q\ or cells activated to prolif- 
erate were lysed at different times (5 and 20 h) after serum addition. 
Cells harvested at 20 h were treated at 5 h after activation with W12 or 
W13 (15 pg/ml). 50 pg of proteins from the ly sates were separated on an 
6% SDS-polyacrylamide gel, electroblotted, and subjected to Western 
blot as indicated under "Experimental Procedures. n The antibody rec- 
ognized the hyperphosphorylated (pRb-P) and the hypophosphorylated 
(pRb) forms of pRb. B, effect of anti-CaM drugs on the activity of Cdks. 
Quiescent (Q) NRK cells were activated to proliferate, and at the times 
indicated in the figure, they were harvested and lysed. The cells har- 
vested at 7, 10, or 15 h were treated with 15 jLig/ml of W12 or W13 at 5 h 
after serum addition. Cell lysates were immunoprecipitated with 
antibodies against Cdk4 or Cdk2. Immunoprecipitations using nor- 
mal rabbit serum (NRS) were performed as controls. After iramuno- 
precipitation, the kinase activity was analyzed as described under 
"Experimental Procedures." To analyze the activity of Cdk4, a frag- 
ment of pRb was used as substrate, whereas to detect Cdk2 activity, 
the substrate used was histone HI. 

activities upon W13 addition were measured. Quiescent cells 
did not show any Cdk4 or Cdk2 activity (Fig. 2B). Cdk4 was 
already activated 5 h after proliferative stimulation, and its 
activity was maintained high during G 1 (up to 10 h). Cdk2 was 
activated later than Cdk4. Its activity was low at 5 h, increased 
at 7 h, and was high at 15 h (S phase). The activities of both 
Cdk4 and Cdk2 in W13-treated cells were much lower than in 
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Fig. 3. Effect of anti-CaM drug treatment on the levels of Cdks 
and cyclins. Quiescent (Q) cells were activated to proliferate by serum 
addition and, at the indicated times, lysed and subjected to Western 
blot analysis as indicated under "Experimental Procedures.* Where 
indicated, W12 or W13 (15 ng/ml) was added 5 h after serum addition. 
30 y.g of proteins from the lysates were separated on SDS-polyacryl- 
amide gels and transferred onto membranes as described under "Ex- 
perimental Procedures." The blots were then incubated with the anti- 
bodies against the proteins indicated in the figure. For Cdk4, Cdk2, 
cyclin Dl, and cyclin D2 (cycDl and cycD2) analysis, the proteins were 
resolved on 10% SDS -poly aery lamide gels; for the detection of cyclin E 
and cyclin A (cycE and cycA), the proteins were separated on 8% 
SDS-polyacrylamide gels; and for p21 and p27, the proteins were sep- 
arated on 12% SDS-polyacrylamide gels. 

control cells at all the times studied (Fig. 2B). 

Effect of CaM Inhibition on the Levels of Cyclins and 
Cdks — To study how CaM could regulate the activities of Cdks, 
we first measured the amount of cyclins and Cdks by Western 
blot analysis in extracts from quiescent and proliferating cells 
treated with either W12 or W13. Cdk4 and Cdk2 were detected 
in quiescent cells. After proliferative activation, the amount of 
Cdk4 was unchanged, whereas that of Cdk2 increased at 5 h 
and then remained constant until 20 h. The addition of W13 to 
the cultures at 5 h did not affect the amount of either Cdk4 or 
Cdk2 (Fig. 3). 

We further analyzed the levels of the different G 1 cyclins in 
W13 -treated cells. As shown in other cellular types, the levels 
of cyclins Dl and D2 were low, although detectable, in quies- 
cent cells (45, 46). After serum addition, the amount of both 
cyclins increased slightly, showing a faint peak at 5-7 h. Cyclin 
D3 was not detected in these cells by Western blot analysis. 
Addition of W13 to the cultures at 5 h after activation did not 
have any effect on the amount of any of the D type cyclins (Fig. 
3). 

Cyclins E and A were not detectable in quiescent cells. Max- 
imal levels of cyclin E were observed at 10-15 h, corresponding 
to G 2 -S transition, whereas cyclin A showed a large increase at 
15-20 h. The treatment with W13 did not affect the amount of 
cyclin E, whereas the amount of cyclin A was clearly decreased 
(Fig. 3). 

Thus, the addition of W13 to cultures at 5 h after activation 
induced a decrease of the amount of cyclin A, whereas the 
levels of Cdk4, Cdk2, cyclin D, and cyclin E were not affected. 
The decrease of cyclin A could be responsible for the lower Cdk2 
activity observed at 15 h in W13-treated cells (Fig. 2B). 

The two-dimensional pattern of Cdk4 on two-dimensional 
electrophoretic gels upon W13 treatment was also analyzed. As 
shown in Fig. 4, several spots (pi 5.3-5.9) were recognized by 
anti-Cdk4 antibodies. Although changes in the intensity of 
several spots were observed at 5 and 7 h after proliferative 
activation, no significant changes between W12- and W 13- 
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Fig. 4. Two-dimensional electrophoretic pattern of Cdk4. Qui- 
escent cells (Q), cells at 5 h after activation (5 h\ and cells at 7 h (7 h) 
treated with W12 or W13 were lysed, and the proteins were separated 
by isoelectrofocusing (IEF). Then, they were electrophoresed on 10% 
SDS-polyacrylamide gels and transferred onto membranes as described 
under "Experimental Procedures." The blots were incubated with anti- 
Cdk4 antibodies. 

treated cells were observed. 

CaM Inhibition Did Not Alter the Amount ofp21 and p27 — 
Cells respond to different inhibitory stimuli by increasing the 
amount of the Cdk-inhibitory proteins, which bind to cyclin- 
Cdk4 and cyclin-Ckd2 complexes and inhibit its activity (23). 
Thus, we also analyzed here the possibility that W13 treatment 
induced an increase in the amount of p21 or p27. p21 was low 
in quiescent cells; it increased upon serum addition, and the 
levels remained constant between 5 and 15 h after activation. 
In contrast, the amount of p27 was high in quiescent cells and 
decreased upon serum addition. The treatment of the cells with 
W13 did not affect the levels of either inhibitor (Fig. 3). 

Effect of CaM Inhibition on the Formation of Cdk4 Com- 
plexes — The possibility that CaM was involved in the formation 
of the cyclin Dl-Cdk4 complexes was also analyzed here.* Thus, 
cellular lysates immunoprecipitated with anti-cyclin Dl were 
electrophoresed and electroblotted, and the membranes were 
incubated with antibodies against cyclin Dl, Cdk4, p27, and 
p21. As shown in Fig. 5, cyclin Dl present in NRK serum 
starved cells was already complexed with cdk4. In those com- 
plexes, high amounts of p27 were present, whereas almost no 
p21 was detected. At 7 h after activation, higher amounts of 
cyclin Dl-cdk4 complexes were observed. Furthermore, the 
amount of p21 associated to cyclin Dl increased, whereas that 
of p27 decreased. The effect of CaM inhibition at 5 h after 
proliferative activation on the cyclin Dl complexes at 7 h was 
analyzed. As shown in Fig. 5, the amounts of Cdk4, p27, and 
p21 bound to cyclin Dl were not modified by the inactivation of 
CaM by W13-treatment or upon addition of the control drug 
W12. No change in the complexes was observed when immu- 
noprecipitations were performed using anti~Cdk4 antibodies 
(data not shown). 

CaM Is Essential for the Nuclear Accumulation of Cdk4 and 
Cyclin Dl — Cdk4 and cyclin Dl are present in the nucleus 
during Gj (47), which is in agreement with the nuclear location 
of the pRb family of proteins, the best known Cdk4 substrates. 
Immunocytochemical analysis indicated that the proportion of 
quiescent cells with nuclear staining for Cdk4 or for cyclin Dl 
was low (as also shown for cyclin Dl in Ref. 47). The percentage 
was higher at 5 h after proliferative activation, and at 7 h, 
almost all the nuclei were labeled in control cells (W12-treated 
cells and nontreated cells) (Fig. 6A). After W13 treatment, the 
percentage of cells at 7 h with Cdk4 and cyclin Dl nuclear 
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Fig. 5. Effect of anti-CaM drug addition on the association of 
Cdk4, p21, and p27 to cyclin D. Quiescent NRK cells (Q) were 
activated to proliferate, and at 5 h, W12 or W13 was added to the 
medium. Two hours later, the cells were harvested and processed for 
immunoprecipitation as indicated under "Experimental Procedures" 
with anti -cyclin Dl (cycDl) (+) or with normal rabbit serum (-) as a 
control. The imraunuprecipitates were electrophoresed on 12% SDS- 
polyacryl amide gels and transferred onto membranes. The blots were 
incubated with antibodies against cyclin Dl, Cdk4, p21, and p27. 7 h, 
cells lysed at 7 h without previous drug addition; W12 and W13, cells 
lysed at 7 h previously treated at 5 h with 15 /xg/ml of W12 or W13. 

staining decreased dramatically to the values of quiescent cells 
(Figs. 6A and 7). The decrease of Cdk4 and cyclin Dl in the 
nucleus correlated with an increase in the cytoplasmic reactiv- 
ity with both antibodies (Fig. 7), indicating that CaM was 
needed to maintain Cdk4 and cyclin Dl in the nucleus. Similar 
results were obtained using two different anti-Cdk4 antibodies 
and normal skin human fibroblasts (data not shown). The effect 
of CaM inhibition on the nuclear localization of Cdk4 and cyclin 
Dl was reversible because when W13 was removed 2 h after its 
addition and the cells were incubated for 2 h more in a medium 
without the drug, Cdk4 reentered the cell nucleus (90% of 
nuclei had a ratio of absorbance to area >0.1). In order to 
ensure the specificity of CaM inhibition, nuclear location of 
cdk4 was analyzed upon treatment of the cells with different 
anti-CaM drugs. As shown in Fig. 62?, the four anti-CaM drugs 
used, W13, W7, J8, and calmidazolium, induced in a dose-, 
response manner a decrease in the nuclear staining of cdk4. 
Microinjection of the CaM-binding domain of CaMKII 
(CaMKII 290 " 309 ) was also performed in order to inhibit CaM. 
Results showed a clear inhibition of DNA synthesis and Cdk4 
nuclear accumulation after microinjection of CaMKII 29 °- 309 
peptide: 21 ± 7% of CaMKII 290 ^ 0d peptide-injected cells were 
positive for BrdUrd versus 50 ± 2% of control cells; and 42 ± 
10% of the CaMKII 2 90 - 309 peptide-injected cells had intense 
Cdk4-labeled nuclei (meangreen >100) versus 85 ± 3% of the 
control cells. 

We also tried to analyze the amount of Cdk4 and cyclin D in 
purified nuclei, but unfortunately, with all the methods we 
have used (either with non-detergent-containing buffer or hy- 
potonic buffers), more than 70% of both proteins leaked out 
from the nucleus and were found in the soluble fraction. Thus, 
it was impossible to analyze the effect of CaM inhibition on 
nuclear accumulation of cyclin D and Cdk4 by cell 
fractionation. 

The effect of W13 treatment on the intracellular location of 
nucleolin and hnRNP A2 was also analyzed. Nucleolin contains 
a classical nuclear localization sequence (NLS); thus its trans- 
port to the nucleus is mediated by importin (48). HnRNP A2 
has an M9 sequence that mediates its entrance to the nucleus 
via binding to transportin (49). Both proteins are known to 
shuttle in and out of the nucleus (48, 50). As shown in Fig. 7, 
CaM inhibition by W13 did not affect the nuclear location of 
either nucleolin or hnRNP A2. 

A role of intact cytoskeleton in the nuclear transport of 
proteins that do not contain a canonical NLS, such as protein 
kinase C, has been shown (51). Thus, we analyzed the effect of 
actin filaments and microtubules disruption on nuclear local- 
ization of Cdk4. Cytochalasin D (1 /ig/ml) or nocodazole (1 
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Fig. 6. Effect of anti-CaM drug treatment on the nuclear loca- 
tion of Cdk4 and cyclin Dl. Quiescent NRK cells (Q) were subcul- 
tured on coverslips and at the same time activated to proliferate by 
serum addition. At 5 h after activation, the different anti-CaM drugs 
were added to the cultures, and at 7 h, cells were fixed and immuno- 
stained with anti-Cdk4 and anti-cyclin Dl as described under "Exper- 
imental Procedures" using peroxidase-conjugated secondary antibodies. 
The percentage of labeled nuclei was determined by immunocytochem- 
istiy and quantified by an Olympus image analysis. Nuclei were con- 
sidered stained when the ratio of optical density to area was higher 
than 0.1. The results presented here are the mean of three different 
experiments. For each experiment, more than 200 nuclei were ana- 
lyzed. A, filled bars indicate the percentage of cycDl -labeled nuclei, and 
empty bars indicate the percentage of Cdk4-labeled nuclei. W12 and 
W13 were added to a final concentration of 15 ^g/ml. B, % of Cdk4 
labeled nuclei was measured after addition of W12, W13, W7, J8, and 
calmidazolium (CMZ) at the indicated concentrations or after no drug 
addition (O. 

u.g/ml) treatment 5 h after proliferative activation did not have 
any effect on the nuclear staining of Cdk4 (data not shown). 

Calcineurin inhibition by cyclosporin A (0.6-2.4 jug/ml) or 
CaMKII inhibition by KN93 (5-10 jam) treatment of the cells 
5 h after proliferative activation did not have any effect on 
nuclear localization of Cdk4 or cyclin Dl (data not shown), 
indicating that these CaMBPs were not involved in cyclin Dl- 
Cdk4 nuclear accumulation during G v 

Cyclin Dl and Cdk4 Bind CaM— In order to study whether 
the effect of CaM on the nuclear location of cyclin Dl-Cdk4 was 
mediated by a CaM-binding protein associated to the complex, 
the binding of Cdk4 and cyclin D from cellular extracts to a 
CaM-affinity column was analyzed. Cell lysates containing 
EGTA were first applied to a DEAE-Sephacel column in order 
to eliminate endogenous CaM. Whereas Cdk4 appeared in the 
flow-through of the DEAE-Sephacel column, CaM was eluted 
at 600 mM salt (data not shown). After Ca 2+ addition, the 
DEAE-Sephacel flow-through was mixed with CaM-Sepharose 
resin. As shown in Fig. 8A, Cdk4 and cyclin Dl were able to 
bind to the CaM-Sepharose in the presence of Ca 2+ and eluted 
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Fig. 7. Effect of W13 addition on the intracellular distribution 
of Cdk4 and cyclin Dl. Quiescent NRK cells were subcultured on 
coverslips and at the same time activated to proliferate by serum 
addition. At 5 h after activation, 15 tig/ml of W13 or W12 were added to 
the cultures; 2 h later, the cells were fixed and immunostained with 
anti-Cdk4 (Cdk4), an ti -cyclin Dl (cycD), anti-nucleolin (nu\ or anti- 
hnRNP A2 (A2) as described under "Experimental Procedures." Fluo- 
rescein-conjugated secondary antibodies were used in all cases. 



specifically when EGTA was added. None of the proteins bound 
to a control Sepharose column. Bacterially expressed and pu- 
rified Cdk4-GST and cyclin Dl-GST were not found in the 
EGTA eluted fraction when applied to the CaM-Sepharose 
column under the same condition. To further prove that bind- 
ing of cdk4 and cyclin Dl to CaM was Ca 2+ -dependent, pull- 
down experiments were performed. The flow-through of the 
DEAE-Sephacel column (in a. buffer containing 5 dim EGTA) 
was divided and precipitated with CaM-Sepharose in the pres- 
ence of either EGTA or free Ca 2+ . Bound proteins were eluted 
with SDS -containing buffer. A replica of the Ca 2 "*" -containing 
sample was also precipitated with control Sepharose. As shown 
in Fig. 8B, the binding of cdk4 and cyclin Dl to the CaM- 
Sepharose was much higher in the presence of Ca 2+ than of 
EGTA, and no binding was observed with the control Sepha- 
rose. In addition, CaM was found to immunoprecipitate with 
Cdk4 and with cyclin Dl (Fig. 80. Hsp90, a CaM-binding 
protein that has recently been shown to associate with Cdk4 
(52-54) was also detected in the EGTA-eluted fraction of the 
CaM-affinity column (Fig. 8A). Furthermore, in NRK cells, 
Hsp90 and Cdk4 also associate one to each other because Cdk4 
was detected by Western blot in anti-Hsp90 immunoprecipi- 
tates from NRK lysates (Fig. 8C). 

Because Hsp90 regulates the intracellular trafficking of sev- 
eral proteins (55), we analyzed whether inhibition of Hsp90 by 
the antibiotic geldanamycin had the same effect on intracellu- 
lar location of cyclin Dl-Cdk4 as CaM inhibition. Geldanamy- 
cin (2 u.m) addition to NRK cells 5 h after proliferative activa- 
tion for a period of 2 h produced a clear reduction in nuclear 
Cdk4 and cyclin Dl (Fig. 9), whereas the total amount of Cdk4 
analyzed by Western blot was not altered (data not shown). 

DISCUSSION 

Although it is well accepted that CaM has a role in the 
progression of G 3 phase and in Gj-S transition, until now, the 
specific G 1 steps regulated by CaM remain unclear. However, 
recent reports indicate that the inhibition of CaM during early 
G 2 blocks the phosphorylation of pRb (15) and the expression of 
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Fig. 8. Interaction of Cdk4 and cyclin Dl with CaM. A, binding 
of cyclin Dl-Cdk4 to a calmodulin affinity column. Cellular extracts 
were loaded to a DEAE-Sephacel column as described under "Experi- 
mental Procedures," and the flow-through was applied to CaM-affinity 
Sepharose (CaM-Seph.) or to a control Sepharose column (Seph,) in the 
presence of free Ca 2 \ After extensive washing in the presence of free 
Ca 2+ , the bound proteins were specifically eluted with EGTA. Equiva- 
lent volumes of all the fractions were subjected to 10% SDS-polyacryl- 
amide gels and analyzed by Western blotting using an ti -Cdk4, anti- 
cyclin Dl, and anti-Hsp90 antibodies. PC, precolumn; FT, flow-through; 
Wj and W 2 , two last washes; Ej andE 3 , EGTA, first and second specific 
elutions. B, flow -through of the DEAE column was incubated with 
CaM-Sepharose (CaM-Seph.) in the presence of EGTA or free Ca 2+ or 
with control Sepharose (Seph.) in the presence of free Ca 2 \ After 
extensive washing, bound proteins were eluted with Laemli SDS-elec- 
trophoresis loading buffer. One-third of the unbound proteins and all of 
the bound proteins were resolved by SDS-polyacryl amide gel electro- 
phoresis, and the presence of cdk4 and cycDl was analyzed by Western 
blot. C, lysates of asynchronously proliferating NRK cells were immu- 
noprecipitated as indicated under "Experi mental Procedures" with an- 
ti-Hsp90, anti-Cdk4, anti-cyclin Dl, or normal rabbit serum (NRS). The 
presence of Cdk4 in the Hsp90 immunoprecipitates was analyzed by 
Western blot The presence of CaM in the Cdk4 and cycDl immunopre- 
cipitates was analyzed by Western blot. Cell lysates prior to immuno- 
precipitation were also loaded in the gels (L). 
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Fig. 9. Immunol ocalization of Cdk4 and cyclin Dl after 
geldanamycin treatment. Quiescent NRK cells were subcultured on 
coverslips and at the same time activated to proliferate by serum 
addition. At 5 h after activation, 2 /iM geldanamycin (GA) dissolved in 
Me 2 SO or 0.1% Me 2 SO alone (C) was added; 2 h later, the cells were 
fixed and immunostained with anti-Cdk4 (cdk4) or anti-cyclin Dl (cycD) 
antibodies as described under "Experimental Procedures.*' 

proteins involved in DNA replication (9), suggesting that the 
role of CaM in G x progression is to regulate the activity of the 
kinases that phosphorylate pRb. In fact, we show here that 
CaM is essential for Cdk4 and Cdk2 activation. The role of CaM 
is not to regulate the expression of either Cdk4 or cyclin Dl, the 
assembly of cyclin Dl-Cdk4 complexes, or the binding of either 



CaM Regulates cycDl-Cdk4 Nuclear Location 



33285 



p21 or p27 ? but to maintain cyclin Dl-Cdk4 complexes in the 
cell nucleus. Because these complexes are not in the nucleus 
after CaM inhibition, pRb cannot be phosphorylatcd; conse- 
quently, the expression of E2F-depending genes is blocked, and 
the cell cycle stops before G x -S transition. The inhibition of 
CaM strongly decreased the levels of cyclin A and cdc2, pro- 
teins encoded by genes containing E2F-binding sites in their 
promoter regions, whereas in contrast, the levels of Cdk4, 
Cdk2, cyclin Dl, p21, and p27, proteins the genes of which do 
not contain E2F-binding sites, were not affected by CaM inhi- 
bition. Although cyclin E also contain E2F-binding sites in its 
promoter region, its expression is not reduced by W13 treat- 
ment, indicating that a pRb phosphorylation-independent 
pathway of cyclin E expression exists in these cells. 

Very little is known about the mechanisms of transport of 
Cdks and cyclins from the cytoplasm to the nucleus and vice 
versa. However, it is known that Cdk7 (the catalytic subunit of 
Cdk-activating kinase) is a nuclear protein that contains a 
classical NLS sequence that is responsible for its translocation 
from cytoplasm into the nucleus (56, 57). The intranuclear 
location of cyclin A depends of its association with Cdk2, al- 
though none of these proteins has NLS sequences (58). Cyclin 
Dl does not have a putative NLS, whereas Cdk4 has a potential 
classical NLS; thus, its import into the nucleus could be medi- 
ated by importin. 

In quiescent cells, Cdk4 and cyclin Dl were located in the 
cytoplasm, but at 5-7 h after proliferative activation, both 
proteins were already in the nuclei. Inhibition of CaM at 5 h 
with W13 induced a release of Cdk4 and cyclin D from the 
nucleus to the cytosol in mid-G^ thus not allowing phosphoryl- 
ation of pRb by cyclin Dl-Cdk4. The general import of proteins 
into the nucleus was not affected upon anti-CaM drug addition, 
because the transport of nucleolin (mediated by importin) and 
hnRNP A2 (mediated by transportin) was not modified by the 
treatment. These results strongly suggest that CaM partici- 
pates in the retention of cyclin Dl-Cdk4 but does not regulate 
a general mechanism of nucleocytoplasmic transport. 

A role for the CIP/KIP family of Cdk inhibitors on the cyclin 
Dl-Cdk4 assembly and translocation to the nucleus has been 
proposed (59). Because CaM inhibition does not alter either 
Cdk4 and cyclin Dl assembly or the amount of p21 and p27 
bound to those complexes, CaM action on nuclear accumulation 
of cyclin Dl-Cdk4 must be downstream of the action of these 
inhibitors. Most recently, a residue of cyclin Dl (threonine 156) 
has been shown to be essential for the nuclear import of cyclin 
Dl-Cdk4 but not essential for the assembly of the complex (60). 
Thus, in agreement with our results, assembly is not sufficient 
for nuclear translocation of cyclin Dl-Cdk4. One possibility is 
that this cyclin Dl residue could be essential for the association 
of cyclin Dl-Cdk4 with a CaMBP involved in the nuclear loca- 
tion of the complex. 

It is worth mentioning that the inhibition of CaM also pro- 
duced a strong decrease in Cdk4 activity. This decrease was not 
produced by a reduction in the amounts of Cdk4 and cyclin Dl, 
nor was it due to either alterations in the association of Cdk4 to 
cyclin Dl or an increase in the levels of p27 and p21 bound to 
the complexes. An increase in the levels of inhibitors of the 
Ink4 family cannot be involved in the decrease of Cdk4 activity 
because they would interfere in the binding of Cdk4 to cyclin 
Dl, and we did not find modifications of this association. Thus, 
the presence of cyclin Dl-Cdk4 in the nucleus may be essential 
to the maintenance of the kinase activation. Because Cdk- 
activating kinase is located in the nucleus, when Cdk4 moves to 
the cytoplasm after CaM inhibition, this kinase cannot be phos- 
phorylated by Cdk-activating kinase, and it then remains in- 
active. However, the two-dimensional pattern of Cdk4 observed 



alter W 13- treatment was similar to that observed in W12- 
treated cells, suggesting, although not completely proving, that 
the phosphorylation state of Cdk4 is not altered when CaM is 
inhibited. It is also possible that the association of cyclin Dl- 
Cdk4 with other proteins, or the phosphorylation of other pro- 
teins of the complex, could be essential for kinase activation in 
the nucleus or its inhibition in the cytoplasm. Mahony et al. 
(£1) have recently shown that active cdk6 complexes are pre- 
dominantly nuclear in T cells. Those complexes have a molec- 
ular mass determined by gel filtration chromatography of 170 
kDa and contain cdk6, cyclin D, and other nonidentified 
proteins (61). 

We propose two ways to explain how CaM inhibition induces 
the release of Cdk4 and cyclin Dl from the nucleus: 1) the 
kinase complex is moving continuously between the cytoplasm 
and the nucleus, and CaM is essential for its entrance into the 
nucleus; 2) the kinase complex is retained in the nucleus in a 
CaM-dependent manner. In relation to the first possibility, a 
GTP-independent and Ca 24 7CaM-dependent nuclear protein 
import that would function at high cytoplasmic Ca 2+ concen- 
trations has recently been described (62). According to those 
results, import of all NLS containing protein should be affected 
by CaM inhibition under these conditions, whereas in our 
model, nuclear accumulation of nucleolin was not modified. 
Related to the second possibility, it should be emphasized that 
CaM-binding proteins and CaM itself are present in the nu- 
cleus of proliferating cells (1). Thus, CaM could bind to cyclin 
Dl-Cdk4 complexes, or alternatively, CaM could participate in 
a posttranslational modification (for example, phosphorylation 
or dephosphorylation) of cyclin Dl-Cdk4 complexes, essential 
to retain these complexes in the nucleus. An example of such a 
mechanism has been recently reported for the nuclear location 
of the transcription factor NF-AT4. The presence of NF-AT4 in 
the nucleus depends on its association with calcineurin, a CaM- 
dependent phosphatase. CaM/calcineurin associates with NF- 
AT4 and keep it in a dephosphorylated state essential for its 
nuclear location (63). 

We have shown that Cdk4 and cyclin Dl from a cell lysate 
are able to bind to CaM. Because purified Cdk4 and cyclin Dl 
do not bind CaM, they may form a complex with a CaMBP. We 
have analyzed the role of three different CaMBPs on the nu- 
clear localization of cyclin Dl-Cdk4: CaMKII, calcineurin, and 
Hsp90. Whereas CaMKII and calcineurin inhibition does not 
have any effect on nuclear localization of cyclin Dl-Cdk4, 
Hsp90 inhibition by geldanamycin has the same effect as CaM 
inhibition. This, together with the facts that Hsp90 associates 
to Cdk4 also in NRK cells and that Hsp90 participates in the 
intracellular trafficking of several proteins (55), indicates that 
Hsp90 is a good candidate for being the CaMBP involved in the 
regulation of the nuclear accumulation of cyclin Dl-Cdk4. It is 
also possible that Hsp90 is only associated to Cdk4, not to 
cyclin Dl-Cdk4 complexes, and that Hsp90 is essential for 
nuclear accumulation of cdk4 in step previous to the one re- 
vealed using the anti-CaM drugs. Experiments to definitively 
determine the CaM-dependent steps and to identify the 
CaMBPs involved in nuclear location of cdk4 are under way in 
our laboratory. 

Thus, we demonstrate here that CaM regulates the presence 
of cyclin Dl-Cdk4 in the nucleus and consequently the phos- 
phorylated state of pRb and G x progression. Inhibition of nu- 
clear accumulation of cyclin Bl and thus cdc2 activity in re- 
sponse to the activation of DNA damage-induced G 2 checkpoint 
has also recently been shown (64), Our results reveal a novei 
mechanism for Cdk4 activity regulation that may operate in 
response to different extracellular signals or to the activation of 
cell cycle checkpoints in which Ca 24 might be involved. 



33286 



CaM Regulates cycDl-Cdk4 Nuclear Location 



Acknowledgments— We thank Dr. MassaguS for the gift of anti-p27 
antibodies, Dr. Grana for the gift of the plasmid containing a pRb 
fragment, and Dr. Lluis Vila (Research Institute, Hospital de Sant Pau, 
Barcelona, Spain) for the normal skin human fibroblasts. We are grate- 
ful to Anna Bosch for the excellent technical assistance and to Josep M. 
Estanol for help in computing. 

REFERENCES 

1. Bachs, 0., Agell, N., and Carafoli, E. (1994) Cell Calcium 16, 289-296 

2. Lu, K. P. t and Means, A. R. (1993) Endocr. Rev. 14, 40-57 

3. Rasmussen, C. D., and Means, A. R. (1989) EMBO J. 8, 73-82 

4. Chafouleas, J. C, Lagace. L., Bolton, W. E.. Boyd, A. E., Ill, and Means, A. R. 

(1984) Cell 36, 73-81 

5. Boynton, A. L., Whitfield.. J. F., and MacMAnus, J. P. (1980) Biochem. Biophys. 

Res. Commun. 95, 745-749 

6. Chafouleas, J. G., Bolton, W. E., Hidaka, H., Boyd, A. E., Ill, and Means. A. R 

(1982) Cell 28, 41-50 

7. Eilam. Y., and Chernichovsky, Y. J. (1988) Gen. Microbiol 143, 1063-1069 

8. Hidaka, H., Sasaki, Y. ( Tanaka, T., Endo, T., Ohno, S., Fujii, Y., and Nagata, 

T. (1981) Proc. Natl. Acad. Sci. U. S. A. 78, 4354-4357 

9. Lopez-Girona, A., Colomcr, J., Pujol, M. J., Bachs, O., and Agell, N. (1992) 

Biochem. Biophys. Res. Commun. 184, 1517-1523 

10. Sasaki, Y., and Hidaka, H. (1982) Biochem. Biophys. Res. Commun. 104, 

451-456 

11. Morris, T. A.. DeLorenzo, R., and Tombes, R. M. (1998) Exp. Cell Res. 240, 

218-227 

12. Tomono, M.. Toyoshima, K., I to, M., and Amano, H. (1996) Biochem. J. 317, 

675-680 

13. Lopez-Girona, A., Bachs, O., and Agell, N. (1995) Biochem. Biophys. Res. 

Commun. 217, 566-574 

14. Lopez-Girona. A, Bosch. M. f Bachs, O., and Agell, N. (1995) Cell Calcium 18, 

30-40 

15. Takuwa, N., Zhou, W., Kuraada. M., and Takuwa, T. (1993) J. Biol. Chem. 268, 

138-145 

16. Morgan, D. (1997) Annu. Rev. Cell Dev. Biol. 13, 261-291 

17. Norbury, C, and Nurse, P. (1992) Annu. Rev. Biochem. 61, 441-470 

18. Reed, S. I. (1992) Annu. Rev. Cell Biol. 8, 529-561 

19. Sherr, C. (1993) Cell 73, 1059-1065 

20. Morgan, D. (1995) Nature 374, 131-134 

21. Sherr, C., and Roberts, J. (1995) Genes Dev. 9, 1149-1163 

22. Jinno, S., Suto, K., Nagata, A., Igarashi, M., Kanaoka, Y., Nojima, H., and 

Okayama, H. (1994) EMBO J. 13, 1549-1556 

23. Kato, J., Matsuoka, M., Polyak, K., Massague, J., and Sherr, C. (1994) Cell 79, 

487-496 

24. Kato, J., Matsuoka, M., Strom, D. K., and Sherr, C. J. (1994) Mol. Cell. Biol. 14, 

27ia-2721 

25. Parry, S. B., Bates, S., Mann, D. J., and Peters, G. (1995) EMBO J. 14, 503-511 

26. Harper, J. W., Adami, G., Wei, N., Keyomarsi, K, and Elledge, S. J. (1993) Cell 

75, 805-816 

27. Polyak, K., Lee, M. H., Erdjument-Bromage, H., Tempst, P., and Massagu6, J. 

(1994) Cell 78, 59-66 

28. Resnitzkv, D., and Reed, S. (1995) Mol. Cell. Biol. 15, 3463-3469 

29. Dong, F. f Cress, W. D., Jr., Agrawal, D., and Pledger, W. J. (1998) J. Biol. 

Chem. 273, 6190-6195 

30. Draetta, G. (1994) Curr. Opin. Cell Biol. 6, 842-846 

31. Lam. E., and La Thangue, N. (1994) Curr. Opin. Cell Biol. 6, 859-866 

32. Botz, J., Zerfass-Thome, K., Spitkovsky, D., Delius, H., Vogt, B., Eilers, M. f 



Hatzigcorgion, A., and Jansen-Durr, P. (1996) Mol. Cell. Biol. 16, 
3401-3409 

33. Dalton, S. (1992) EMBO J. 11, 1797-1804 

34. Dou, Q. P.. Zhao, S., Levin, A. H. t Wang, J., Helin, K., and Pardee, A. B. (1994) 

J. Biol. Chem. 269, 1306-1313 

35. Ceng, Y., Eaton, E. N., Picon, M., Roberts, J. M., Sardet, C, and Weinberg, 

R. A. (1996) Oncogen 12, 1173-1180 

36. Z wicker, J., Lucibello. F., Wolfraim, L., Gross, C, Truss, M., England, K., and 

Muller, K. (1995) EMBO J. 14, 4514-4522 

37. Lundberg, A. S.. and Weinberg, R. A. (1998) Mol. Cell. Biol. 18, 753-761 

38. Laemmli, U. K. (1970) Nature 227, 680-685 

39. O'Farrell, P. H. (1975) J. Biol. Chem. 250, 4007-4021 

40. Harlow, E., and Lane, D. (1988) Antibodies: A Laboratory Manual, pp. 

421-466. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 

41. Matsushime, H.. Quelle, D. E., Shurtleff, S. A., Shibuya, M., Sherr, C. J M and 

Kato, J. V. (1994) Mol. Cell. Biol. 14, 2066-2076 

42. Payne, M. E., Fong, Y. L., Ono, T., Colbran, R. J., Kemp, B. E., Soderling, T, R, 

and Means, A. R. (1988) J. Biol. Chem. 263, 7190-7195 

43. Bosch, M., Lopez-Girona, A., Bachs, O., and Agell, N. (1994) Cell Calcium 16, 

446-454 

44. Buchkovich, K. ( Duffy, L. A., and Harlow, E. (1989) Cell 58, 1097-1105 

45. Lavoie, J. N., L'Allemain, G., Brunet, A, Muller, R, and Pouyssegur, J. (1996) 

J. Biol. Chem. 271, 20608-20616 

46. Won, K. A., Xiong. Y., Beach, D., and Gilman, M. (1992) Proc. Natl. Acad. Sci. 

U. S. A. 89, 9910-9914 

47. Baldin, V., Lukas, J., Maarcote, M. J., Pagano, M., and Draetta, G. (1993) 

Genes Dev. 7, 812-821 

48. Borer. R A., Lehner, C. F, Eppenberger, H. M., and Nigg, E. A. (1989) Cell 56, 

379-390 

49. Pollard, V. W., Michael, W. M., Nakielny, S., Siomi, M. C, Wang, F., and 

Dreyfuss. G. (1996) Cell 86, 985-994 

50. Pinol-Roma, S., and Dreyfuss, G. (1993) Trends Cell Biol. 3, 151-155 

51. Schmalz, D., Kalkbrenner, F., Hucho, F., and Buchner, K (1996) J. Cell ScL 

109, 2401-2406 

52. Dai, K., Kobayashi, R., and Beach, D. (1996) J. Biol. Chem. 271, 22030-22034 

53. Minami, Y., Kawasaki, H., Suzuki, K., and Yahara, I. (1993) J. Biol. Chem. 

268, 9604-9610 

54. Stepanova, L., Leng, X., Parker, S. B., and Harper, J. W. (1996) Genes Dev. 10, 

1491-1502 

55. Pratt, W. B. (1993) J. Biol. Chem. 268, 21455-21458 

56. Labbe, J. C., Martinez, A. M., Fesquet, D., Capony, J. P., Darbon, J. M., 

Derancourt, J.. Devault, A, f Morin, N., Cavadore, J. C, and Doree, M, 
(1994) EMBO J. 13, 5155-5164 

57. Tassan, J. P., Schultz, S. J., Bartek, J., and Nigg, E. A. (1994) J. Cell Biol. 127, 

467-478 

58. Maridor, G., Gallant, P., Goldsteyn, R., and Nigg, E. A. (1993) J. Cell Sci. 106, 

535-544 

59. La Baer, J., Garrett, M. D., Stevenson, L. F., Slingerland, J. M., Sandhu, C, 

Chou, H. S., Fattaey, A., and Harlow, E. (1997) Genes Dev. 11, 847-862 

60. Diehl, J. A., and Sherr, C. J. (1997) Mol. Cell. Biol. 17, 7362-7374 

61. Mahony, D., Parry, D. A., and Lees, E. (1998) Oncogene 16, 603-611 

62. Sweitzer, T. D., and Hanover, J. A. (1996) Proc. Natl. Acad. ScL U. S. A. 93, 

14574-14579 

63. Shibasaki, F., Price, E. R, Milan, D., and McKeon, F. (1996) Nature 382, 

370-373 

64. Toyoshima, F., Moriguchi, T., Wada, A., Fukuda, M., and Nishida, E. (1998) 

EMBO J. 17, 2728-2735 



Differential Regulation of p27 Ki P 1 Expression by Mitogenic and 
Hypertrophic Factors: Involvement of Transcriptional and 
Posttranscriptional Mechanisms 
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Abstract Platelet-derived growth factor-BB (PDGF- 
BB) acts as a full mitogen for cultured aortic smooth 
muscle cells (SMC), promoting DNA synthesis and cell 
proliferation. In contrast, angiotensin II (Ang II) in- 
duces cellular hypertrophy as a result of increased pro- 
tein synthesis, but is unable to drive cells into S phase. 
In an effort to understand the molecular basis for this 
differential growth response, we have examined the 
downstream effects of PDGF-BB and Ang II on regula- 
tors of the cell cycle machinery in rat aortic SMC. Both 
PDGF-BB and Ang II were found to stimulate the ac- 
cumulation of Gj cyclins with similar kinetics. In addi- 
tion, little difference was observed in the expression 
level of their catalytic partners, Cdk4 and Cdk2. How- 
ever, while both factors increased the enzymatic activ- 
ity of Cdk4, only PDGF-BB stimulated Cdk2 activity in 
late Gi phase. The lack of activation of Cdk2 in Ang II- 
treated cells was causally related to the failure of Ang II 
to stimulate phosphorylation of the enzyme on threo- 



nine and to downregulate p27 Kipl expression. By con- 
trast, exposure to PDGF-BB resulted in a progressive 
and dramatic reduction in the level of p27 Ki P 1 protein. 
The time course of p27 Kipl decline was correlated with a 
reduced rate of synthesis and an increased rate of deg- 
radation of the protein. Importantly, the repression of 
p27 Kipl synthesis by PDGF-BB was associated with a 
marked attenuation of Kipl gene transcription and a 
corresponding decrease in Kipl mRNA accumulation. 
We also show that the failure of Ang II to promote S 
phase entry is not related to the autocrine production 
of transforming growth factor- pi by aortic SMC. These 
results identify p27 Kipl as an important regulator of the 
phenotypic response of vascular SMC to mitogenic and 
hypertrophic stimuli. 

Key words: growth factors • cell cycle • CDK inhibi- 
tors • gene expression ♦ smooth muscle cells 



Introduction 

The proliferation of normal mammalian cells is controlled 
by an intricate network of biochemical pathways that en- 
sure that each cell cycle event is performed correctly and 
in proper sequence (Murray and Hunt, 1993). Growth fac- 
tor-induced signals are required for progression through 
the G x phase and must converge, in late Gi, on the cell cy- 
cle engine to ensure the commitment of cells to enter S 
phase (Pardee, 1989). The regulation of Gt progression 
and Gi/S transition is governed, at least in part, by the con- 



certed action of cyclin-dependent kinases (Cdks) 1 and 
their regulatory cyclin subunits (Draetta, 1994; Sherr, 
1994; Grana and Reddy, 1995). When quiescent cells re- 
sume cycling in response to growth factors, D-type cyclins 
(Dl, D2, and D3) progressively accumulate during Gi 
phase and assemble with their catalytic partners, Cdk4 
and Cdk6. The activity of Cdk4/Cdk6 is first detected in 
mid-G] and increases as cells approach the G/S boundary. 
One major target of Cdk4/Cdk6 is the retinoblastoma pro- 
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1 Abbreviations used in this paper: Ang II, angiotensin II; CAK, Cdk-acti- 
vating kinase; Cdk, cyclin-dependent kinase; DRB, 5,6-Dichloro-l-p-D- 
ribofuranosylbenzimidiazole; GAPDH, glyceraldehyde-3- phosphate de- 
hydrogenase; GST, glutathione S-transferase; MAP, mitogen-activated 
protein; PDGF-BB, platelet-derived growth factor-BB; pRb, retinoblas- 
toma protein; SMC, smooth muscle cells; TGF-pl, transforming growth 
factor-01; TNA, TGF-pl neutralizing antibody. 
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tein (pRb), which upon phosphorylation dissociates from 
bound transcription factors, such as E2F, enabling them to 
activate genes required for DNA replication (Weinberg, 
1995). Cyclin E is expressed at maximum level in late G! 
and associates with Cdk2. Biochemical and genetic data 
indicate that cyclin E-Cdk2 activity is essential for entry 
into S phase (van den Heuvel and Harlow, 1993; Knoblich 
et al., 1994; Ohtsubo et al., 1995; Krude et al., 1997). 

The activity of Cdks is regulated by a combination of 
mechanisms. These include the synthesis of the cyclin and 
Cdk, the assembly of these proteins into complexes, the 
phosphorylation of a conserved threonine residue by Cdk- 
activating kinase (CAK), and the interaction with Cdk in- 
hibitory proteins (Morgan, 1995). Cdk inhibitors fall into 
two genes families (Sherr and Roberts, 1995). The Ink4 
family of proteins, which includes pl6 Ink4A , pl5 Ink4B , 
pl8 Ink4C , and pl9 Ink4D , specifically interacts with Cdk4 and 
Cdk6 to prevent cyclin D-Cdk assembly or enters into sta- 
ble ternary complexes with cyclin D-Cdk, resulting in com- 
plexes that are catalytically inactive (Serrano et al., 1993; 
Guan et al., 1994; Hannon and Beach, 1994; Chan et al., 
1995; Hirai et al., 1995). The second family of inhibitors in- 
cludes p 21 Cipl/Wafl (El-Deiry et al., 1993; Gu et al, 1993; 
Harper et al., 1993; Xiong et al., 1993; Noda et al., 1994), 
p2 7 Ki P i (Pojyak et a i ( 1994a; Toyoshima and Hunter, 
1994), and p57 Ki P 2 (Lee et al., 1995; Matsuoka et al., 1995), 
which are all structurally unrelated to the Ink4 proteins. 
The Cip/kip family binds to and inhibits a broader range of 
Cdks than the Ink4 family and displays a preference for 
fully assembled cyclin-Cdk complexes. They inhibit the ki- 
nase activity of G! Cdks by stoichiometric binding to the 
cyclin-Cdk complex or by physically blocking the phos- 
phorylation of the Cdk subunit by CAK (Sherr and Rob- 
erts, 1995). Among them, p27 Kipl was first identified in 
transforming growth factor p (TGF-p)-treated cells (Pol- 
yak et al., 1994b; Slingerland et al., 1994). The expression 
of p27 Kipl is increased in serum-starved or density-arrested 
cells (Firpo et al., 1994; Kato et al., 1994; Nourse et al., 1994) 
and in cells exposed to antiproliferative signals like TGF-p, 
rapamycin (Nourse et al, 1994), and cAMP (Kato et al, 
1994; L'Allemain et al., 1997). In contrast, the level of 
p27 Kipl declines in response to mitogenic factor stimula- 
tion (Kato et al., 1994; Nourse et al., 1994; Coats et al., 
1996; Winston et al, 1996; this study). Thus, in addition to 
D-type cyclins, p27 KipI may play an essential role in con- 
necting mitogenic signaling pathways to cell cycle activa- 
tion. Ectopic expression of p27 Kipl causes cell cycle arrest 
in G! phase (Polyak et al., 1994a; Toyoshima and Hunter, 
1994) and, conversely, antisense inhibition of p27 Kipl ex- 
pression suppresses quiescence in fibroblasts (Coats et aL, 
1996; Rivard etal., 1996). 

In cultured arterial smooth muscle cells (SMC) , the pep- 
tide growth factor platelet-derived growth factor (PDGF)- 
BB acts as a full mitogen, promoting DNA synthesis and 
cell division (Raines et al., 1990; Grainger et al., 1994). 
The mitogenic action of PDGF-BB is initiated by its inter- 
action with two structurally related tyrosine kinase recep- 
tors that dimerize upon ligand binding, leading to activa- 
tion of the intrinsic kinase domain and intermolecular 
autophosphorylation (Claesson-Welsh, 1994). The phos- 
phorylated tyrosine residues serve as docking sites for 
multiple SH2-containing signaling molecules that include 



Src, phosphoinositide 3-kinase (PI3-kinase), phospholi- 
pase C-y (PLC-/), SHP-2, Grb2, She, and Nek. Recruit- 
ment and activation of these effector proteins catalyze the 
formation of second messengers and propagate the signal 
to downstream serine/threonine kinases, such as protein 
kinase C, mitogen-activated protein (MAP) kinases, and 
p70 S6 kinase, ultimately resulting in increased gene ex- 
pression and DNA synthesis (Claesson-Welsh, 1994; Hel- 
din, 1997). 

In contrast to PDGF-BB, many investigators, including 
ourselves, have shown that the peptide angiotensin II 
(Ang II) induces cellular hypertrophy in cultured aortic 
SMC as a result of increased protein synthesis, but is un- 
able to drive cells into S phase (Geisterfer et al., 1988; 
Berk et al., 1989; Chiu et al., 1991; Grainger et al, 1994; 
Giasson and Meloche, 1995). On the other hand, Ang II 
was reported to exert weak mitogenic effects on SMC of 
resistance arteries (Dubey et al., 1992) and on aortic SMC 
isolated from spontaneously hypertensive rats (Bunken- 
burg et al., 1992; Itazaki et al., 1995). In vivo, a number of 
studies have shown that infusion of Ang II stimulates SMC 
DNA synthesis and proliferation in normal and injured rat 
arteries (Daemen et ah, 1991; van Kleef et al., 1992; de- 
Blois et al., 1996; Su et al., 1998). However, results of in 
vivo studies are difficult to interpret since the effect of 
Ang II may be indirect or Ang II may simply act as a comi- 
togen. It has been postulated that Ang II may be a Afunc- 
tional growth factor that activates both proliferative and 
antiproliferative (TGF-pi) signals in vascular SMC (Gib- 
bons et al., 1992; Koibuchi et al., 1993). According to this 
model, the autocrine production of TGF-fil would deter- 
mine whether vascular SMC grow by hypertrophy or hy- 
perplasia in response to Ang II. 

In cultured aortic SMC, the hypertrophic action of Ang 
II is initiated by its interaction with the G protein-coupled 
AT! receptor, which stimulates the activity of PLC-(J to 
generate the second messengers inositol 1,4,5-trisphos- 
phate (InsP3) and diacylglycerol, and inhibits the activity 
of adenylyl cyclase (Catt et al., 1993; Timmermans et al., 
1993). These early signaling events subsequently lead to 
the activation of multiple serine/threonine kinases, which 
include the MAP kinases ERK1/ERK2 (Duff et al, 1992; 
Tsuda et al., 1992; Servant et al., 1996) and p70 S6 kinase 
(Giasson and Meloche, 1995). Ang II also induces tyrosine 
phosphorylation of multiple proteins in aortic SMC (Mol- 
loy et al., 1993; Leduc et al., 1995) and stimulates the activ- 
ity of cytosolic tyrosine kinases, such as pl25 FAK (Poke et aL, 
1994; Giasson et al., 1997), Pyk2 (Giasson et al., 1997), Src 
(Ishida et al., 1995), and the Janus kinases Jak2 and Tyk2 
(Marrero et al., 1995; Giasson et al., 1997). Despite the 
fact that Ang II and PDGF-BB activate similar signal 
transduction pathways, only the latter is able to induce 
proliferation of aortic SMC, 

In an effort to understand the molecular basis for this 
differential response, we have examined the downstream 
effects of PDGF-BB and Ang II on regulators of the cell 
cycle machinery. We show that while both factors are able 
to stimulate the activity of Cdk4, only PDGF-BB increases 
the enzymatic activity of Cdk2 in late Gj phase. The lack 
of activation of Cdk2 in Ang Il-treated cells is associated 
with the failure of Ang II to downregulate p27 KipI expres- 
sion. We also show that p27 Kipl abundance is regulated by 



The Journal of Cell Biology, Volume 148, 2000 



544 



multiple transcriptional and posttranscriptional mecha- 
nisms in vascular SMC. 

Materials and Methods 
Cell Culture 

Rat aortic SMC were cultured to 80% confluence and synchronized in the 
quiescent state as described previously (Giasson and Meloche, 1995). The 
cells were stimulated with 100 nM Ang II (Hukabel Scientific) or 50 ng/ml 
PDGF-BB (Oncogene Science) for the indicated times at 37°C. MvlLu 
mink lung epithelial cells (obtained from Dr. Maureen O'Connor, Bio- 
technology Research Institute of Montreal, Canada) were grown in MEM 
containing 10% FBS. 

Protein Synthesis, DNA Synthesis, and Cell 
Number Measurements 

For protein synthesis measurements, quiescent aortic SMC in 6-welI plates 
were stimulated with Ang II or PDGF-BB for 72 h in serum-free medium 
containing 0.5 uGi/ml [ 3 H] leucine. For DNA synthesis measurements, qui- 
escent aortic SMC in 35-mm petri dishes were stimulated for the indicated 
times with Ang II or PDGF-BB and pulse-labeled with 2 u-Ci/ml I 3 H]thy- 
midine for the last 2-4 h. After the stimulation, the medium was aspirated 
and the cells were incubated for a minimum of 30 min in cold 5% TCA. 
The wells were then washed once with TCA and three times with tap wa- 
ter. The radioactivity incorporated into TCA-precipitable material was 
measured by liquid scintillation counting after solubilization in 0.1 M 
NaOH. For determination of cell number, quiescent aortic SMC in 6-well 
plates were stimulated with Ang II or PDGF-BB for 72 h and then were 
trypsinized and counted using a hemacytometer. 

Immunoblot Analysis 

Cells were washed twice with ice-cold PBS and lysed in Triton X-100 lysis 
buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 50 mM sodium fluoride, 
5 mM EDTA, 40 mM 0-glycero phosphate, 1 mM sodium orthovanadate, 
10~ 4 M phenylmethylsulfonyl fluoride, 10" 6 M leupeptin, 10" 6 M pepstatin 
A, 1% Triton X-100) for 30 min at 4°C. Lysates were clarified by centrifu- 
gation at 1 3,000 # for 10 min and equal amounts of lysate proteins (30-85 p,g) 
were subjected to electrophoresis on 12 or 15% acrylamide gels. Proteins 
were electrophoretically transferred to Hybond-C nitrocellulose mem- 
branes (Nycomed Amersham, Inc.) in 25 mM Tris, 192 mM glycine, and 
fixed for 10 min in methanol/acetic acid/glycerol (40:7:3). The membranes 
were blocked in TBS containing 5% nonfat dry milk and 0.1% Tween 20 
for 1 h at 37°C before incubation for 1 h at 25°C with 2 p,g/ml of mAb to 
cyclin Dl (DCS-6), cyclin D2 (DCS-3.1), or cyclin D3 (DCS-22; NeoMark- 
ers), or 1 u,g/ml of polyclonal antibody to cyclin E (SC-481), Cdk2 (SC- 
163), Cdk4 (SC-260), or p27 K, P | (SC-528; Santa Cruz Biotechnology) in 
blocking solution. After washing four times in TBS, 0.1% Tween 20, the 
membranes were incubated for 1 h with HRP-conjugated goat anti-rabbit 
or anti-mouse IgG (1:10,000) in blocking solution. Immunoreactive 
bands were visualized by enhanced chemiluminescence (Nycomed Amer- 
sham, Inc.). 

For coprecipitation studies, total lysate proteins (200-500 u-g) were in- 
cubated for 3 h at 4°C with anticyclin E antibody and the immune com- 
plexes were collected with protein A-Sepharose beads (Pharmacia Bio- 
tech). The beads were washed five times with Triton X-100 lysis buffer, 
resuspended in denaturing sample buffer, and the eluted proteins were 
analyzed by immunobloting. 

Protein Kinase Assays 

The phosphotransferase activity of Cdk2 was measured by immune com- 
plex kinase assay using histone Hi as substrate as described previously 
(Meloche. 1995). In brief, lysate proteins (200 p.g) were subjected to im- 
munoprecipitation with I u.g of anti-Cdk2 antibody preadsorbed to pro- 
tein A-Sepharose beads for 2 h at 4°C. The immune complexes were 
washed three times with Triton X-100 lysis buffer and once with kinase as- 
say buffer (20 mM Hepes, pH 7.4, 5 mM MgCl 2 , 1 mM dithiothreitol). His- 
tone HI kinase activity was assayed by resuspending the beads in a total 
volume of 40 uJ of kinase assay buffer containing 0.25 mg/ml histone Hi 
(Boehringer Mannheim Corp.), 100 u,M ATP, and 10 u,Ci (r^PjATP. 
The reactions were initiated by the addition of ATP, incubated at 30°C for 



5 min, and stopped by addition of 2x denaturing sample buffer. The sam- 
ples were analyzed by SDS-gel electrophoresis and the bands correspond- 
ing to histone H 1 were excised and counted. 

For inhibition experiments, extracts of PDGF-BB-stimuIated cells con- 
taining active Cdk2 were mixed with boiled (5 min at 100°C) extracts of 
Ang II-sumulated cells (1:1 ratio; 200 jig protein of each lysate) for 1.5 h 
at 4°C before immunoprecipitation of Cdk2 and kinase assay. Immunode- 
pletion of p27 Ki P ! was performed by incubating 200 u.g of Ang II -treated 
cell extract with 5 u.g of anU-p27 Ki P 1 antibody for 2 h at 4°C. The resulting 
supernatant was then used for the inhibition experiment. Specificity of 
p27 Kipl immunodepletion was assessed by preincu bating the anti-p27 Kt P' 
antibody with excess immunogenic peptide (50 u.g of SC-528P; Santa-Cruz 
Biotechnology) for 2 h at 4°C before incubation with Ang II -treated cell 
extract. 

Cdk4 enzymatic assays were performed as described (Matsushime et 
al., 1994) with some modifications. After stimulation, the cells were 
washed twice with ice-cold PBS and lysed in Tween 20 lysis buffer (50 
mM Tris-HCl, pH 7.4, 150 mM NaCl. 5 mM EDTA, 10 mM EGTA, 20 
mM 3-glycerophosphate, 50 mM sodium fluoride, 0.1 mM sodium ortho- 
vanadate, \Q~ A M phenylmethylsulfonyl fluoride. I0* 6 M leupeptin. 10" 6 M 
pepstatin A, and 0.1% Tween 20). The cells were scraped from the 
plates and sonicated at 4°C (once for 10s). Cellular lysates were clarified 
by centrifugation and 150 u.g of lysate proteins were precleared for 1 h 
with 5 uJ of normal rabbit serum and then incubated for 3 h at 4°C with 1 
Hg of anti-Cdk4 antibody preadsorbed to protein A-Sepharose beads. 
The immune complexes were washed twice with Tween 20 lysis buffer 
and twice with kinase assay buffer (50 mM Hepes, pH 7.4, 10 mM MgCl 2 , 
2.5 mM EGTA, 1 mM dithiothreitol, 10 mM p-glycerophosphate, 1 mM 
sodium fluoride, and 0.1 mM sodium orthovanadate). pRb kinase activity 
was assayed by resuspending the beads in a total volume of 40 uJ of ki- 
nase assay buffer containing I \Lg glutathione S-transf erase (GST)-pRb 
protein (amino acids 792-928), 0.2 mg/ml BSA, 20 y,M ATP, and 10 jxCi 
|7- 32 P] ATP. The reactions were incubated at 30°C for 30 min and stopped 
by addition of 2x denaturing sample buffer. The samples were resolved 
by SDS-gel electrophoresis and the radioactivity incorporated into GST- 
pRb was counted. 

The enzymatic activity of C AK was measured essentially as described 
(Musgrove et al., 1998). Cellular extracts (400 p,g protein) prepared in 
CAK lysis buffer (50 mM Hepes, pH 7.5. 150 mM NaCl, 1 mM EDTA, 
2.5 mM EGTA, 1 mM dithiothreitol, 10% glycerol, 10 mM (J-glycero- 
phosphate, I mM sodium fluoride, 0.1 mM sodium orthovanadate, 10~ 4 M 
phenylmethylsulfonyl fluoride, 10~ 6 M leupeptin, 10" 6 M pepstatin A, 
and 0.1% Tween 20) were precleared as described above and then incu- 
bated for 3.5 h at 4°C with 5 ^g of anti-Cdk7 antibody (06-377: Upstate 
Biotechnology) preadsorbed to protein A-Sepharose beads. The im- 
mune complexes were washed twice with lysis buffer and twice with ki- 
nase assay buffer (50 mM Hepes, pH 7.5, 30 mM MgCl 2 , and 1 mM 
dithiothreitol). CAK activity was assayed by resuspending the beads In 
40 jtl of kinase assay buffer containing 5 u.g of GST-Cdk2K33M, 90 p.M 
ATP, and 10 uXi fr- 32 P] ATP. The reactions were incubated for 20 min at 
30°C and stopped by addition of 2x denaturing sample buffer. The sam- 
ples were analyzed by SDS-gel electrophoresis and the bands corre- 
sponding to GST-Cdk2K33M were excised and counted. No CAK kinase 
activity was detected in samples subjected to immunoprecipitation with 
beads alone. 

The recombinant GST fusion proteins of pRb and Cdk2K33M were ex- 
pressed in Escherichia coli by transformation with plasmids pGEX-Rb and 
pGEX-Cdk2K33M (obtained from Drs. Jacques Pouyssegur, Centre de Bio- 
chimie-CNRS, Nice, France, and Tomi P. Makela, University of Helsinki, Hel- 
sinki, Finland, respectively) and purified as described (Matsushime et al., 1994). 

Phosphorous 32 Labeling and Immunoprecipitation 

Quiescent aortic SMC in 100-mm petri dishes were stimulated for 10 or 20 h 
with Ang II or PDGF-BB and labeled for the last 5 h in bicarbonate- and 
phosphate-free Hepes-buffered MEM containing 0.5 mCi/ml pP] phos- 
phoric acid. The cells were then washed twice with ice-cold PBS and lysed 
in Triton X-100 lysis buffer. After clarification, the lysates were pre- 
cleared for 1 h with 5 u,l of normal rabbit serum and Cdk2 was immuno- 
precipitated as described above. Immune complexes were washed five 
times with Triton X-100 lysis buffer. Proteins were eluted by heating at 
95°C for 5 min in denaturing sample buffer and analyzed by SDS-gel elec- 
trophoresis on 10% acrylamide gels. The proteins were then electro- 
phoretically transferred to PVDF membranes (Millipore) in 25 mM Tris, 
192 mM glycine, and 20% methanol, and visualized by autoradiography. 
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Phosphoamlno Acid Analysis 

The labeled band corresponding to Cdk2 was excised from the PVDF 
membrane and subjected to partial acid hydrolysis in 5.7 M HC1 for 1 h at 
1 10°C (Kamps, 1991). The resulting phosphoamino acids, along with unla- 
beled phosphoamino acid standards (0.2 mg/ml), were separated by one- 
dimensional thin layer electrophoresis using an optimized pH 2.5 buffer 
(Jelinek and Weber, 1993). The standards were visualized by ninhydrin 
staining and the labeled amino acids by autoradiography. 

Biosynthetic Labeling Experiments 

To examine the turnover of p27 Kl P l protein, quiescent aortic SMC in 
100-mm petri dishes were pulse-labeled for 1 h with 166 uxi/ml of pSlme- 
thionine and [ 3S S]cysteine and then chased for the indicated times in se- 
rum-free medium containing excess methionine and cysteine and either 
Ang II or PDGF-BB. The cells were then washed twice with ice-cold PBS 
and lysed in Triton X-100 lysis buffer. Lysates (500 u,g proteins) were pre- 
cleared for 1 h with 5 uJ of normal rabbit serum and the resulting superna- 
tants were incubated with protein A-Sepharose beads preadsorbed with 
2 jig of anti-p27 KipI for 4 h at 4°C. Immune complexes were washed five 
times with Triton X-100 lysis buffer. Proteins were eluted by heating at 
95°C for 5 min in denaturing sample buffer and analyzed by SDS-gel elec- 
trophoresis on 12% acrylamide gels. The p27 Ki P' protein was detected by 
fiuorography and quantified using a Phosphorlmager apparatus. 

For labeling newly synthesized proteins, cells were stimulated for the 
indicated times, rinsed with methionine- and cysteine-free medium, and 
incubated with 250 ^Ci/ml of PS] methionine and (^S] cysteine. Labeling 
was allowed to proceed for the last 20 min. Cell lysis and immunoprecipi- 
tation of p27 Kipl were conducted as described above. 

Northern Blot Analysis 

Total RNA was extracted by a modified version of the guanidinium thio- 
cyanate procedure as described (Chomczynski and Sacchi, 1987; Chom- 
czynski, 1993). Equal amounts of total RNA (15-25 p.g) were denaturated 
and resolved by electrophoresis in a 1% agarose gel containing 1.8% 
formaldehyde. The RNA was transferred to Hybond-N membranes 
(Nycomed Amersham, Inc.), fixed, and hybridized with 32 P-labeled 
probes. Hybridization was carried out in hybridization medium (5x SSC 
[lx SSC = 150 mM NaCl. 15 mM sodium citrate), 0.1% SDS, 5x Den- 
hardt's solution [lx Denhardts = 0.02% Ficoll 400, 0.02% polyvinyl pyr- 
rolidone, and 0.02% BSA], 50% formamide, and 100 u,g/ml herring sperm 
DNA) containing the labeled probe (1-2 x 10 6 cpm/ml) for 16 h at 42°C. 
The membranes were washed twice at 25°C for 15 min in 2x SSC, 0.1% 
SDS, and twice at 60°C for 30 min in 0.5X SSC, 0.1% SDS. The extent of 
hybridization was analyzed with a Phosphorlmager apparatus. The results 
were normalized to 18S ribosomal RNA. 

The probes used were: 1.5-kb EcoRI fragment of human p27 KipI cDNA 
(provided by Dr. Joan Massague, Memorial Sloan-Kettering Cancer Cen- 
ter, NY) and a DNA oligonucleotide derived from the rat 18S ribosomal 
RNA sequence. 

Nuclear Run-On Transcription Assays 

Nuclei were prepared as described by Greenberg and Bender (1997). Vas- 
cular SMC were washed twice with ice-cold PBS and scraped from plates 
in PBS, 1 mM EDTA. Cell pellets were collected by centrifugation and re- 
suspended in cold lysis buffer (10 mM Tris-HCl, pH 7.4, 3 mM CaCl 2 , 2 mM 
MgCl 2 , 1% NP-40). The cells were then disrupted in a Dounce homoge- 
nizer and the nuclei were sedimented at 500 g for 5 min. The nuclei were 
resuspended in 50 mM Tris-HCl, pH 8.3, 5 mM MgCl 2 , 0.1 mM EDTA. 
and 40% glycerol and frozen in liquid nitrogen. For run-on transcription 
reactions, thawed nuclei (8 x 10 7 ) were resuspended in 400 uJ of reaction 
buffer containing 5 mM Tris-HCl. pH 8.0, 2.5 mM MgCl 2 , 150 mM KC1, 
5 mM dithiothreitol, 20 U/ml RNA guard (Pharmacia Biotech), 1 mM 
each of ATP, GTP, and CTP, and 600 u.Ci of a[ 32 P]UTP (Nycomed Amer- 
sham, Inc.: 800 Ci/mmol) and incubated at 37°C for 30 min. Transcription 
was stopped by the addition of 40 p.g DNase I in 1 ml of HSB buffer and 
incubated for 5 min at 30°C. Then, 10 uJ of 20 n-g/ml proteinase K in 0.5 M 
Tris-HCl, pH 7.4, 125 mM EDTA, and 5% SDS was added to the reac- 
tion mixture, followed by incubation for 30 min at 42°C. The 32 P-Iabeled 
RNA was extracted with phenol/chloroform and unincorporated nucle- 
otides were removed by chromatography through a Sephadex G-50 
(Pharmacia Biotech) column. Each plasmid DNA gene insert was dena- 
turated and immobilized to nitrocellulose membranes using a dot-blot 



apparatus. The membranes were hybridized with ^P-labeled RNA in 
5x SSC, 5X Denhardt's. 50% formamide. 4 mM EDTA, 0.5 mg/ml 
salmon sperm DNA. and 0.25 mg/ml yeast tRNA at 55°C for 24 h. The 
membranes were washed extensively at 60°C in 0.5x SSC. 0.1% SDS. 
The extent of hybridization was analyzed with a Phosphorlmager appa- 
ratus. 

fHJUridine Pulse-Chase Experiments 

Quiescent aortic SMC were pretreated for 2 h with 20 mM glucosamine 
(Sigma Chemical Co.) to deplete the UTP pool, washed, and pulse- 
labeled with 100 u.Ci/ml | 3 H]uridine (26 Ci/mmol; Nycomed Amersham. 
Inc.) for 12 h. The unincorporated [ 3 H]uridine-containing medium was 
removed and the cells were incubated for an additional 2 h in serum-free 
medium containing 20 mM glucosamine, 5 mM uridine, and 5 mM cyti- 
dine. The chase was then continued for 4 h in the same medium contain- 
ing Ang II or PDGF-BB. At various intervals, the cells were washed with 
PBS and total RNA was isolated as described above. Equivalent amounts 
of 3 H-labeied RNA were hybridized to 5 \i% of linearized plasmid DNA 
immobilized onto a nitrocellulose membrane. Hybridization was per- 
formed at 45°C for 4 d, as described in the previous section. The mem- 
branes were washed extensively at 55°C in 0.5X SSC. 0.1% SDS. After 
drying, the radioactivity of each spot was determined by liquid scintilla- 
tion counting. 

TGF-/31 Bioassay 

TGF-pl bioassay was conducted essentially as described previously (Gib- 
bons et al., 1992). Recombinant TGF-31 and TGF-01 neutralizing anti- 
body (TNA) was a generous gift from Dr. Maureen O'Connor. In brief, 
MvlLu cells were plated at a density of 5 X 10 5 cells per well in 24-well 
plates. After 6 h of serum exposure, the cells were washed with serum- 
free medium, then incubated with conditioned medium or TGF-pi in se- 
rum-free medium for 24 h. The rate of DNA synthesis was measured by 
pulse-labeling cells with 2 ji.Ci/ml [^1 thymidine during the last 6 h of in- 
cubation. For each experiment, a standard curve was constructed with in- 
creasing concentrations of recombinant TGF-{31. Ang II conditioned me- 
dium was obtained from aortic SMC stimulated for 24 h with Ang II and 
was added to MvlLu cells at two dilutions (1:5 and 1:10). 

TNA was purified Jby protein A-agarose chromatography. The anti- 
body was used at a concentration of 10-15 |xg/ml, which completely blocks 
the growth inhibitory effect of TGF-pl in MvlLu cells. 



Results 

PDGF-BB, but Not Ang II, Induces DNA Synthesis ih 
Aortic SMC 

We compared the ability of the vascular growth factors 
PDGF-BB and Ang II to stimulate the rate of DNA syn- 
thesis in quiescent rat aortic SMC. As previously reported 
(Geisterfer et al., 1988; Berk et al, 1989; Chiu et al.. 1991; 
Giasson and Meloche, 1995), treatment of aortic SMC 
with Ang II had no significant effect on DNA synthesis, as 
measured by [ 3 H]thymidine incorporation (Fig. 1 A). In 
contrast, addition of PDGF-BB strongly increased the rate 
of DNA synthesis, which reached a peak (180-fold over 
basal level) at 24 h after stimulation. PDGF-BB also in- 
duced cellular division as reflected by an increase in SMC 
number and by the small ratio between pH] leucine incor- 
poration and cell number (Fig. 1 B). Ang II did not pro- 
mote cell division, but caused cellular hypertrophy by in- 
creasing the rate of protein synthesis per cell over a period 
of 72 h (Fig. 1 B). This finding suggests that cell cycle 
progression is not delayed in Ang Il-stimulated cells, 
but rather, that cells are arrested in Gi phase. Thus, 
PDGF-BB is a strong mitogenic factor for rat aortic SMC, 
promoting DNA synthesis and cellular division, whereas 
Ang II acts as a hypertrophic factor. 
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Figure J. Comparative effects of Ang II and PDGF-BB on the 
growth of aortic SMC. A, DNA synthesis. Quiescent rat aortic 
SMC were stimulated for different periods of time with 100 nM 
Ang II (O) or 50 ng/ml PDGF-BB (•) and the rate of DNA syn- 
thesis was measured by | 3 H] thymidine incorporation. Each value 
represents the mean ± SEM of triplicate determinations. B, Cell 
protein content. Quiescent aortic SMC were stimulated with Ang 
II or PDGF-BB for 72 h. The rate of protein synthesis was mea- 
sured by [ 3 H] leucine incorporation and the number of cells 
counted on parallel plates. The results are expressed as the rela- 
tive ratio between [ 3 H] leucine incorporation and cell number. 
Each value represents the mean ± SEM of triplicate determina- 
tions. Cell numbers for this experiment were: control (cont), 
374,167 ± 53,428 cells; Ang II, 312,000 ± 28,369 cells; PDGF-BB, 
917,500 ± 42,120 cells. The data are representative of at least 
three different experiments with similar results. 



Ang II Fails to Stimulate the Activity ofCdk2 in 
Aortic SMC 

In an effort to understand the molecular basis for this dif- 
ferential response of aortic SMC to vascular growth fac- 
tors, we examined the downstream effects of PDGF-BB 
and Ang II on regulators of the cell cycle machinery. We 
first analyzed the regulated expression of Gj cyclins. Fig. 2 
A shows that both PDGF-BB and Ang II stimulated the 
accumulation of D-type cyclins with similar kinetics. The 
expression of cyclin Dl, D2, and D3 started to increase at 
4 h poststimulation and reached a maximal level by 12-16 h. 
Cyclin E expression was already detectable in quiescent 
cells. Treatment with PDGF-BB caused a small but signifi- 
cant increase in cyclin E expression, which was delayed 
compared with D-type cyclins (Fig. 2 A). Ang II had little 
effect on cyclin E expression. It should also be noted that 
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Figure 2, Effects of Ang II and PDGF-BB on the accumulation 
of Gi cyclins and the expression level of Cdks in aortic SMC. 
Quiescent aortic SMC were stimulated with 100 nM Ang II or 50 
ng/ml PDGF-BB for different times over a 24-h period. Equal 
amounts of lysate proteins were resolved by SDS-gel electro- 
phoresis on 12% acrylamide gels and transferred to nitrocellu- 
lose membranes. The membranes were probed with antibodies 
specific to the different cyclins and Cdks. The proteins were visu- 
alized by chemiluminescence detection. Similar results were ob- 
tained in five different experiments. 



PDGF-BB promoted higher levels of cyclin Dl accumula- 
tion than Ang II in aortic SMC. This is in agreement with 
previous observations showing that the extent of cyclin Dl 
accumulation is correlated with the mitogenic potential of 
growth factors and their ability to induce sustained ERK1/ 
ERK2 activation (Lavoie et al., 1996; and data not shown). 
Little difference was observed in the expression level of 
the catalytic subunits Cdk4 and Cdk2, which were present 
in all extracts, including those prepared from quiescent 
cells (Fig. 2 B). However, we noted that treatment with 
PDGF-BB results in the late appearance of a faster mi- 
grating species of Cdk2, which is indicative of phosphory- 
lation of the enzyme on threonine 160 (Gu et al, 1992). 
Only the slower migrating form of Cdk2 was observed in 
Ang II-stimulated cells. 



Servant el al. Regulation of p27 Kipi Expression in Vascular SMC 



547 



We next measured the enzymatic activity of CAK, 
Cdk4, and Cdk2 after treatment of aortic SMC with the 
two vascular growth factors. CAK, Cdk4, and Cdk2 were 
selectively immunoprecipitated from cell lysates and their 
activity assayed in vitro using GST-Cdk2, GST-pRb, and 
histone HI as substrates, respectively. As observed in 
other cellular models (Sclafani, 1996), CAK enzymatic ac- 
tivity was the same in quiescent and growth factor-treated 
aortic SMC (Fig. 3 A). Both Ang II and PDGF-BB in- 
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Figure 3. Regulation of CAK, Cdk4, and Cdk2 enzymatic activ- 
ity by Ang II and PDGF-BB during G! progression. Quiescent 
aortic SMC were stimulated for different times with 100 nM Ang 
II (□) or 50 ngrnil PDGF-BB (■). Detergent lysates of the cells 
were prepared and equal amounts of proteins were subjected to 
immunoprecipitatjon with specific anti-Cdk7 (A), anti-Cdk4 (B), 
or anti-Cdk2 (C) antibodies. The phosphotransferase activity of 
the immunoprecipitates was assayed as described in Materials 
and Methods using GST-Cdk2K33M, GST-pRb, and histone HI 
as substrates, respectively. The enzymatic activities are expressed 
as picomoles of phosphate incorporated into the substrate per 
min per mg of lysate protein. Similar results were obtained in 
three different experiments. 



creased the Rb kinase activity of Cdk4, which became de- 
tectable at eight hours and remained elevated up to the 
end of G, phase (Fig. 3 B). Notably, Ang II treatment of 
aortic SMC induced a delayed Rb kinase activity as com- 
pared with PDGF-BB treatment. These results most likely 
reflect the quantitative differences in the ability of Ang II 
and PDGF-BB to regulate the expression of cyclin Dl 
(Fig. 2 A). Both factors equally stimulated Cdk4 activity 
after 16 h of exposure. As expected, stimulation of aortic 
SMC with the mitogenic factor PDGF-BB strongly in- 
creased Cdk2-associated histone HI kinase activity, which 
was first detected at 12 h and reached a maximum in S 
phase (Fig. 3 C). In contrast, treatment with Ang II failed 
to induce any detectable Cdk2 activity over the same pe- 
riod of time. Thus, we carried out a series of experiments 
to explain the inability of Ang II to activate Cdk2. Since 
CAK-mediated phosphorylation of threonine 160 on Cdk2 
is required for kinase activation (Morgan, 1995), we first 
analyzed the phosphorylation state of Cdk2 after immuno- 
precipitatjon from 32 P-labeIed cells stimulated with Ang II 
or PDGF-BB. Fig. 4 A shows that the lack of activation of 
Cdk2 in Ang II-treated cells was associated with the fail- 
ure of Ang II to stimulate phosphorylation of the enzyme 
on threonine. On the other hand, addition of PDGF-BB 
resulted in the phosphorylation of Cdk2 on threonine, ty- 
rosine, and serine residues after 20 h (Fig. 4 B). Indeed, it 
has been reported in HeLa cells that most of the phosphor- 
ylation of Cdk2 on tyrosine (tyrosine 15) occurs on Cdk2 
molecules that are also phosphorylated on threonine 160 
(Gu et al. t 1992). The absence of CAK-mediated threo- . 
nine phosphorylation of Cdk2 in Ang II-treated cells was 
not attributable to the inability of Cdk2 to form complexes 
with cyclin E. Immunoblot analysis showed that cyclin E 
immunoprecipitates from quiescent aortic SMC already 
contained a significant amount of Cdk2 and that treatment 
with PDGF-BB caused a further increase in complex for- 
mation that became apparent only after 16 h of stimula- 
tion (Fig. 4 C). In addition, detailed kinetic analysis of 
Cdk2 phosphorylation and activity revealed that 10-12 h 
of PDGF-BB stimulation (thus before induction of cyclin 
E expression and increased cyclin E-Cdk2 complex for- 
mation) is sufficient to promote Cdk2 phosphorylation on 
threonine (Fig. 4 A; and data not shown) and to activate 
the enzyme (Fig. 3 C). These results indicate that mecha- 
nisms other than increased cyclin E expression or cyclin 
E-Cdk2 complex assembly account for the inability of 
Ang II to induce threonine 160 phosphorylation of Cdk2 
and to stimulate the activity of the enzyme in aortic SMC. 

Differential Modulation of p27^ pl Expression by 
PDGF-BB and Ang II 

In addition to its ability to disrupt the catalytic activity of 
phosphorylated cyclin-bound Cdks (Russo et al, 1996), 
the inhibitor p27 Kipl can also sterically interfere with the 
phosphorylation of Cdks by CAK (Kato et al., 1994; 
Polyak et al., 1994a; Aprelikova et al., 1995). To determine 
whether p27 Kipl was a determinant factor in the differen- 
tial regulation of Cdk2 activation by mitogenic and hyper- 
trophic factors, we compared the levels of p27 Klpl protein 
expression. The expression of p27 Kipl protein was elevated 
in quiescent aortic SMC and decreased progressively upon 
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Figure £ Ang II fails to stimulate the phosphorylation of Cdk2. 
A, Phosphorylation of Cdk2. Quiescent aortic SMC were stimu- 
lated for 20 h with 100 nM Ang II or for 10 and 20 h with 50 ng/ml 
PDGF-BB and labeled with [ 32 P] phosphoric acid during the last 5 h. 
Cell lysates were prepared and Cdk2 was immunoprecipitated 
using a specific antibody preadsorbed to protein A-Sepharose 
beads. The immunoprecipitated proteins were resolved by SDS- 
gel electrophoresis on 10% acrylamide gel transferred to PVDF 
membrane, and analyzed by autoradiography. B, Phosphoamino 
acid analysis. The 32 P-labeled protein band corresponding to 
Cdk2 was excised from the PVDF membrane and subjected to 
partial acid hydrolysis. The phosphorylated amino acids were 
separated by one-dimensional thin layer electrophoresis. The po- 
sitions of phosphoserine (S), phosphothreonine (T), and phos- 
photyrosine (Y) are indicated. C, Complex formation between 
Cdk2 and cyclin E. Quiescent aortic SMC were stimulated with 
100 nM Ang II or 50 ng/ml PDGF-BB for different times over a 
24-h period. Cell lysates were prepared and subjected to immu- 
noprecipitation with cyclin E-specific antibody. The immunopre- 
cipitated proteins were then analyzed by immunobloting with 
anti-Cdk2 antibody. Similar results were obtained in three differ- 
ent experiments. 



treatment of cells with the mitogenic factor PDGF-BB 
(Fig. 5 A). The decrease in p27 Ki P 1 level was already evi- 
dent four hours after PDGF-BB exposure. After 20 h of 
stimulation with PDGF-BB, the expression of p27 Kipl was 
reduced by ^80%. In contrast, Ang II had a negligible ef- 
fect on the expression of the Cdk inhibitory protein. Im- 
portantly, we found that mixing of boiled extract from 
Ang Unstimulated cells with an equal amount of extract 
from cells treated for 20 h with PDGF-BB significantly re- 
duced Cdk2-associated histone HI kinase activity (Fig. 5 
B). p27 Ki P 1 previously has been shown to be heat-stable 
(Polyak et al, 1994b), thus making it a good candidate for 
the inhibitory factor of Ang Il-boiled extracts. Indeed, the 
Cdk2 inhibitory activity present in Ang Il-treated cells was 
completely eliminated after immunodepletion of p27 KipI 
with a specific antibody (Fig. 5 B). Preincubation of the 
anti-p27 Kipl antibody with a saturating amount of immuno- 
genic peptide completely restored the Cdk2 inhibitory ac- 
tivity, confirming that p27 Kipl is the major factor responsi- 
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Figure 5. Differential modulation of p27 Kipl expression by Ang II 
and PDGF-BB. A, Expression of p27 Wpl protein. Quiescent aor- 
tic SMC were stimulated with 100 nM Ang II or 50 ng/ml PDGF- 
BB for different times over a 24-h period. Equal amounts of ly- 
sate proteins were resolved by SDS-gel electrophoresis on 12% 
acrylamide gel and transferred to nitrocellulose membrane. The 
membrane was probed with anti-p27 Kipl antibody and the pro- 
teins visualized by chemiluminescence detection. B, Inhibitory 
activity of Ang II extracts. Quiescent aortic SMC were stimulated 
for 20 h with 100 nM Ang II or 50 ng/ml PDGF-BB. Extracts 
from PDGF-BB-treated cells, which contain active Cdk2 f were 
prepared and mixed with boiled extracts from Ang II-stimulated 
cells as described in Materials and Methods. After incubation for 
90 min at 4°C, Cdk2 was immunoprecipitated and histone HI ki- 
nase activity was determined. p27 Kipl was immunodepleted from 
boiled extracts by incubation for 1 h at 4°C with anti-p27 Kipl anti- 
body. Specificity of p27 Kipl immunodepletion was confirmed by 
preincubation of the antibody with excess immunogenic (block- 
ing) peptide. The enzymatic activities are expressed as picomoles 
of phosphate incorporated into histone HI per min per mg of ry- 
sate protein. C, Decreased association of p27 Kipl with cyclin 
E-Cdk2 complexes in PDGF-BB-treated cells. Detergent lysates 
of aortic SMC stimulated for the indicated times with 100 nM 
Ang II or 50 ng/ml PDGF-BB were subjected to immunopreripi- 
tation with anticyclin E antibody and analyzed by immunobloting 
with antibody to p27 Kip! . Similar results were obtained in three 
different experiments. 
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ble for this activity. Addition of boiled extracts from 
PDGF-BB-stimulated cells, which contain very low levels 
of p27 Ki P 1 (Fig. 5 A), did not inhibit Cdk2 activity of ex- 
tracts from cells exposed to PDGF-BB for 20 h (data not 
shown) . 

The inability of Ang II to downregulate expression of 
p27 Kipl in aortic SMC was also reflected by the strong and 
sustained association of the inhibitor with cyclin E-Cdk2 
complexes. When cells exposed to Ang II or PDGF-BB 
were subjected to immunoprecipitation with anticyclin E 
antibody, the level of associated p27 Ki f )1 was found to be 
significantly lowered after 16 h of PDGF-BB treatment 
compared with Ang Il-stimulated cells (Fig. 5 C). From 
these results, we conclude that the failure of Ang II to 
downregulate p27 Ki P ! expression is responsible, at least in 
part, for the inability of Ang II to induce Cdk2 activation, 
DNA synthesis, and cellular division in aortic SMC. 

The Abundance ofp27 Kl 'P 1 Is Regulated both at the Level 
ofmRNA Expression and Protein Stability in 
Aortic SMC 

We next addressed the question of how the levels of 
p27 Kipl are regulated by vascular growth factors. Studies in 
other cell systems have shown that the abundance of 
p27 Kipl is controlled by multiple posttranscriptional pro- 
cesses including degradation through the ubiquitin-pro- 
teasome pathway (Pagano et al. ( 1995) and changes in 
translation rates (Agrawal et al., 1996; Hengst and Reed, 
1996; Millard et al, 1997). To determine the rate of p27 Kipl 
turnover, pulse-chase experiments were conducted on aor- 
tic SMC treated with Ang II or PDGF-BB. The rate of 
degradation of p27 Kipl was clearly increased in cells ex- 
posed to PDGF-BB (Fig. 6, A and B). Quantitation of the 
data revealed that the half-life of the protein was reduced 
to sue hours, compared with that of arrested (8.9 h) or Ang 
Il-treated cells (8.2 h). 

The rate of synthesis of p27 Kipl was also affected by treat- 
ment with vascular growth factors. As shown in Fig. 6 C, 
the synthesis of p27 Kipl was dramatically repressed after 
two hours of PDGF-BB stimulation and this inhibition per- 
sisted for up to 20 h. Ang II treatment also resulted in the 
repression of p27 Kipl synthesis, but the effect was less 
marked and more transient, the rate of synthesis returning 
to basal level within 6-12 h of stimulation. To verify 
whether the decline in p27 Kipl synthesis was associated with 
a decrease in Kipl mRNA accumulation, we measured the 
steady-state levels of Kipl mRNA by Northern hybridiza- 
tion. Results of these experiments clearly demonstrated 
that expression of Kipl mRNA is regulated in aortic SMC. 
PDGF-BB treatment resulted in a rapid and marked de- 
crease of Kipl mRNA, which was almost undetectable by 
two hours of stimulation, and then slowly returned to its 
quiescent level at M2 h (Fig. 7). Ang II also reduced ex- 
pression of Kipl mRNA, but the effect was smaller in com- 
parison to PDGF-BB. The time course of Kipl mRNA 
downregulation and reappearance correlated well with the 
transient decrease in the rate of p27 Kipl synthesis seen after 
PDGF-BB and Ang II treatment (Fig. 6 C). This suggests 
that repression of p27 Kipl synthesis by vascular growth fac- 
tors is likely attributable, at least in part, to a correspond- 
ing decrease of Kipl mRNA abundance. 
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Figure 6. Downregulation of p27 Kipl expression is associated with 
increased turnover of the protein and repression of its synthesis. 
A, Turnover of p27 Kipl protein. Quiescent aortic SMC were 
pulse-labeled with [ 35 S]methionine/[ 35 S] cysteine for 60 min, after 
which the medium was changed with fresh medium alone or con- 
taining 100 nM Ang II or 50 ng/ml PDGF-BB. At different times, 
cell extracts were prepared and subjected to immunoprecipita- 
tion with anti-pZl™* 1 antibody. After extensive washing, the im- 
munoprecipitated proteins were separated by electrophoresis on 
12% acrylamide gel and analyzed by fluorography using a Phos- 
phorlmager. B, Densitometric analysis of the data shown in A. 
O, Unstimulated cells (r - 0.958); •, Ang Il-treated cells (r = 
0.969); A, PDGF-BB-treated cells (r = 0.950). The data points 
represent mean ± SEM of four separate experiments. C, Synthe- 
sis of p27 Ki P 1 . Quiescent aortic SMC were stimulated with Ang II 
or PDGF-BB for the times indicated and metabolically labeled 
with [ 35 S]methionine/[ 35 S]cysteine during the last 20 min of incu- 
bation. Preparation of cell extracts and immunoprecipitation 
were conducted as above. Similar results were obtained in four 
separate experiments. 



There was a tight temporal relationship between the de- 
crease in the rate of p27 Kipl synthesis observed at two 
hours after stimulation, the increased rate of degradation 
of the protein, and the change in the total amount of 
p27Ki P i j f we consic jer that the rate of p27 Kf P ! synthesis is 
almost null after two to three hours of PDGF-BB treat- 
ment and that the half-life of the protein is approximately . 
six hours (Fig. 6), the level of p27 kipl protein should be re- 
duced by ~50% eight to nine hours after mitogenic stimu- 
lation. This estimation is consistent with the data pre- 
sented in Fig. 5 A. 
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F/gt/re 7. PDGF-BB produces a rapid and transient decrease of 
Kipl mRNA accumulation in aortic SMC. Quiescent aortic SMC 
were stimulated with 100 nM Ang II or 50 ng/ml PDGF-BB for 
the indicated times. Total cellular RNA was extracted from the 
cells and analyzed by Northern hybridization using a 32 P-labeled 
Kipl probe (A). The results were normalized by rehybridization 
of the blot with a 18S ribosomal RNA oligonucleotide probe (B). 
Similar results were obtained in five different experiments. 



PDGF-BB Reduces the Rate of Kipl Gene 
Transcription in Aortic SMC 

To determine whether PDGF-BB-mediated downregula- 
tion of Kipl mRNA involves a transcriptional mechanism, 
nuclear run-on transcription assays were performed on nu- 
clei isolated from quiescent and growth factor-treated aor- 
tic SMC. Fig. 8 shows that PDGF-BB markedly decreased 
the rate of Kip 1 transcription (^90% reduction of control 
value) after two hours of stimulation. Addition of Ang II 
also caused a significant attenuation of Kipl transcription, 
but the effect was less pronounced than that of PDGF-BB. 
As a control, we also examined transcription of the gene 
encoding smooth muscle ct-actin, which is known to be in- 
duced by Ang II, but not PDGF-BB, in vascular SMC 
(Corjay et al., 1990; Hautmann et al., 1997). In agreement 
with these studies, only Ang II enhanced smooth muscle 
a-actin transcription. No appreciable difference in the 
transcription of GAPDH gene was observed in response 
to Ang II or PDGF-BB treatment. 

We next examined the effect of PDGF-BB and Ang II 
on the stability of Kipl mRNA using two independent ap- 
proaches: mRNA decay in the presence of the transcrip- 
tional inhibitor 5,6-Dichloro-l-p-D-ribofuranosylbenzimi- 
diazole (DRB) and pulse-chase analysis with pH] uridine. 
With the use of DRB, the half-life of Kipl mRNA was es- 
timated to be 4.7 h in unstimulated cells (Fig. 9 A). Treat- 
ment with PDGF-BB or Ang II accelerated the degrada- 
tion of Kipl mRNA, decreasing the half-life to 2.2 h and 
2.3 h t respectively. Comparable results were obtained with 
the pulse-chase method with a calculated half-life of 3.6 h 
in quiescent cells, and of 1.9 h and 2.0 h in cells stimulated 
with PDGF-BB and Ang II, respectively (Fig. 9 B). These 
findings indicate that both PDGF-BB and Ang II destabi- 
lize Kipl mRNA to the same extent in aortic SMC. We 
found that the calculated half-life values of Kipl mRNA 
are slightly longer than what would be expected from the 
results of Fig. 7. This is likely due to the inherent impreci- 
sion associated with the measure of low abundant mes- 
sages with short half-lives (Harrold et al., 1991). 
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Figure 8. PDGF-BB reduces transcription of Kipl gene in aortic 
SMC. A, Quiescent aortic SMC were stimulated with 100 nM 
Ang II or 50 ng/ml PDGF-BB for 2 h. Nuclei were isolated and 
the 32 P- labeled nascent transcripts were hybridized to the indi- 
cated plasmid DNAs as described in Materials and Methods. The 
plasmid DNA inserts used in this experiment were pBluescript- 
SK vector (pBS), smooth muscle a-actin {a-actin), Kipl, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). B, Den- 
sitometry analysis of the data shown in A expressed as the ratio 
Kipll GAPDH. Similar results were obtained in two different ex- 
periments. 



The Failure of Ang II to Promote S Phase Entry of 
Aortic SMC Is Not Explained by Autocrine Production 
ofTGF-131 

TGF-(il is the prototype of a family of growth factors that 
play important roles in cellular growth, differentiation, 
and morphogenesis (Massague, 1990). In particular, TGF- 
pi is a potent growth inhibitor for many cell types, includ- 
ing vascular SMC (Owens et al., 1988). Several mecha- 
nisms have been proposed to explain how TGF-pi inhibits 
proliferation and induces cell cycle arrest in G\ phase 
(Hannon and Beach, 1994; Reynisdottir et al., 1995). The 
observation that Ang II can induce hypertrophic or auto- 
genic effects in vascular SMC has led to the hypothesis 
that Ang II activates both proliferative and antiprolifera- 
tive, specifically TGF-pl, signals (Gibbons et al., 1992). 
Therefore, we carried out a series of experiments to test 
the possibility that autocrine production of TGF-01 may 
be responsible for the failure of Ang II to activate Cdk2 
and induce DNA synthesis in aortic SMC. To determine 
whether Aug II stimulates the production of active TGF-pi, 
we used a highly sensitive bioassay that is based on the 



Servant ct al. Regulation of p27 Kipl Expression in Vascular SMC 



551 




Time (h) 



B 




Figure 9. Effect of Ang II and PDGF-BB on the stability of Kipl 
mRNA. A, DRB method. Quiescent aortic SMC were either left 
untreated or stimulated with 100 nM Ang II or 50 ng/ml PDGF- 
BB for the indicated times in the presence of 25 |xg/ml DRB. To- 
tal cellular RNA was extracted from the cells and analyzed by 
Northern hybridization using a 32 P-labeled Kipl probe. The hy- 
bridization signals were quantified using a Phosphorlmager ap- 
paratus. O, Unstimulated cells; Ang II- treated cells; A, 
PDGF-BB-treated cells. Data points represent the mean of three 
separate experiments. B, Pulse-chase method. Quiescent aortic 
SMC were pulse-labeled with [ 3 H] uridine for 12 h and chased 
with unlabeled uridine and cytidine in the presence or absence of 
Ang II or PDGF-BB. The effective chase was started 2 h after ad- 
dition of cold nucleosides (zero time point). At different times, 
total 3 H- labeled RNA was isolated and hybridized to Kipl 
cDNA immobilized onto nitrocellulose filters. Data points are 
the mean of two separate experiments. For each method, the val- 
ues are expressed as percentage of time zero. The solid lines rep- 
resent the least-squares fit of the data obtained by linear regres- 
sion analysis. 



ability of TGF-p to induce G t arrest in MvlLu cells. Fig. 
10 A shows that addition of 10 pM TGF-pl to MvlLu cells 
is sufficient to inhibit DNA synthesis by 90%. This inhibi- 
tory activity of TGFfSl is reversed by coincubation with 
TNA, but not with normal rabbit IgG. However, condi- 
tioned medium from Ang Il-treated aortic SMC did not 
inhibit MvlLu cells DNA synthesis, but rather had a sig- 
nificant stimulatory effect (Fig. 10 B). We also tested the 
effect of TNA on the ability of Ang II to stimulate DNA 
synthesis in aortic SMC. Coincubation of Ang II with nor- 
mal rabbit IgG or TNA had essentially no effect on the 
rate of DNA synthesis (Fig. 10C). Finally, we examined 
the effect of simultaneous exposure of aortic SMC to both 
PDGF-BB and Ang II. Simultaneous addition of Ang II or 
pretreatment with Ang II (data not shown) did not inter- 



fere with PDGF-BB-induced DNA synthesis (Fig. 10 C) 
or p27 Kipl downregulation (Fig. 10 D), consistent with the 
idea that Ang II does not stimulate the synthesis of an an- 
timitogenic factor. Together, these results demonstrate 
that the failure of Ang II to promote S phase entry of aor- 
tic SMC is not due to autocrine production of TGF-pi." 

Discussion 

Unlike cardiac and skeletal muscle cells, which undergo 
terminal and irreversible differentiation, vascular SMC 
display remarkable cellular plasticity that allows them to 
acquire a spectrum of different phenotypes in response to 
appropriate stimuli (Owens, 1995). In addition to their 
main function of contraction, vascular SMC can increase 
their mass through cellular proliferation, cellular hyper- 
trophy, and production of extracellular matrix proteins. 
Changes in growth rates occur normally during develop- 
ment of the vascular system and after vascular injury, but 
also under pathological conditions such as hypertension 
and atherosclerosis (Schwartz et al. f 1986; Owens, 1989; 
Ross, 1993). In animal models of hypertension, the in- 
crease in vascular mass is associated primarily with SMC 
hypertrophy in large arteries and with hyperplasia in small 
resistance vessels. SMC proliferation also plays a central 
role in the atherosclerotic process. The growth response of 
vascular SMC is clearly dependent on the nature of the 
growth stimulus. For example, in cultured rat aortic SMC, 
agonists like Ang II induce cellular hypertrophy as a result 
of increased protein synthesis (Geisterfer et al., 1988; Berk 
et al., 1989; Chiu et al., 1991; Grainger et al., 1994; Giasson 
and Meloche, 1995), whereas peptide growth factors like 
PDGF-BB cause a strong proliferative response (Raines 
et al., 1990; Grainger et al., 1994). However, much remains 
to be learned about the molecular determinants of vascu- 
lar SMC hypertrophic versus hyperplastic growth re- 
sponse. Here, we present evidence that p27 Kipl is an im- 
portant regulator of the phenotypic response of vascular 
SMC. First, we show that treatment with the mitogenic 
factor PDGF-BB, but not with the hypertrophic factor 
Ang II, leads to a progressive and dramatic decline in the 
level of p27 Ki P ! protein. The failure of Ang II to downregu- 
late p27 Kipl results in the increased association of the in- 
hibitor with cyclin E-Cdk2 complexes and correlates with 
inhibition of threonine 160 phosphorylation of Cdk2. 
Since CAK is constitutively active in aortic SMC, the sim- 
plest interpretation of our data is that stoichiometric bind- 
ing of p27 Kipl to cyclin E-Cdk2 complexes prevents CAK 
from phosphorylating and activating Cdk2 in Ang II- 
treated cells. In support of this hypothesis, in vitro stud- 
ies have shown that p27 Kipl binding to preformed cyclin 
E-Cdk2 complexes blocks CAK-mediated threonine 160 
phosphorylation of the enzyme (Polyak et al., 1994a; 
Aprelikova et al., 1995). Second, we further show that ex- 
tracts from Ang II-stimulated cells contain enough CDK 
inhibitory activity to reduce by ~70% Cdk2- associated 
histone HI kinase activity of PDGF-BB-treated cell ex- 
tracts. The stability of this inhibitory activity to heat treat- 
ment and its reversal following immunodepletion of 
p27 Kipl confirmed that p27 Kipl is the major inhibitory fac- 
tor present in these extracts. 
Previous studies have shown that the abundance of 
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Figure 10. Ang II does not stimulate autocrine production of 
TGF-pi in aortic SMC. A, TGF-pi bioassay. MvlLu cells were 
treated for 24 h with 10 pM TGF-pi in the absence or presence of 
10-15 ftg/ml of TNA or normal rabbit IgG (NRS). B, Condi- 
tioned medium from Ang II-stimulated aortic SMC (1:5 dilution) 



p27 Kipl is regulated by multiple posttranscriptional mecha- 
nisms. Our present results add another level of complexity 
by demonstrating that the levels of p27 Kipl are also con- 
trolled by transcriptional mechanisms in vascular SMC. 
Our data support a model where the reduction of p27 Kipl 
expression observed in response to mitogenic factors oc- 
curs by two mechanisms. The first mechanism is a rapid 
decrease in the rate of p27 Kipl synthesis that becomes min- 
imal by two hours and slowly returns to quiescent value af- 
ter ~20 h. This lowered synthesis, combined with the 
significant turnover of the protein (see Fig. 6 B), is respon- 
sible for the initial decline in p27 Kipl protein levels, which 
can be easily detected by eight hours of PDGF-BB stimu- 
lation. Detailed kinetic analysis revealed that the reduc- 
tion in the rate of p27 Kipl synthesis is tightly paralleled by a 
transient downregulation of Kipl mRNA accumulation. 
Importantly, these changes in Kipl mRNA levels coin- 
cide with a marked decrease in the rate of Kipl gene tran- 
scription, suggesting that transcriptional control is an im- 
portant factor in regulating the synthesis of p27 Kipl . While 
other studies have reported changes in the levels of Kipl 
mRNA in response to extracellular factors (Kwon et al., 
1996; Liu et ah, 1996), our findings provide the first dem- 
onstration that p27 Kipl expression is regulated at the level 
of gene transcription. We also show that both PDGF-BB 
and Ang II significantly decrease the stability of Kipl 
mRNA. The almost complete inhibition of Kipl gene tran- 
scription, coupled with the increased turnover of the 
mRNA, explains the marked downregulation of Kipl 
mRNA expression observed in PDGF-BB-treated cells. 
Further studies are clearly necessary to identify the cis-act- 
ing elements that target Kipl mRNA for degradation and 
the corresponding RNA-binding proteins. In addition to 
transcription, other levels of control may also be involved 
in the regulation of p27 Kipl synthesis. Figs. 6 C and 7 show 
that the rate of p27 Klpl synthesis is still repressed in PDGF- 
BB-treated cells after 12-20 h when Kipl mRNA has re- 
turned to control levels. One possibility is that Kipl 
mRNA is not being used efficiently by the translation ma- 
chinery during G x progression because of the binding of 
mRNA masking proteins (Spirin, 1996). In support of this 
idea, it was found that the accumulation of p27 KipI protein 
observed during growth arrest of HL-60 cells is due to an 
increase in the amount of Kipl mRNA in polyribosomes 
(Millard et al., 1997). The second mechanism of p27 K # 1 
elimination is an increase in the degradation rate of the 
protein, which is mostly evident by eight hours of mito- 
genic stimulation. By contrast, treatment of vascular SMC 



was added alone or in combination with 10 jig/ml TNA to MvlLu 
cells. C, Quiescent aortic SMC were stimulated for 24 h with 100 
nM Ang II in the absence or presence of 10 |xg/ml TNA or NRS. 
In the same experiment, the cells were stimulated with 50 ng/ml 
PDGF-BB alone or in the presence of 100 nM Ang II. The rate of 
DNA synthesis was measured by [ 3 H] thymidine incorporation 
during the last 4-6 h of stimulation. Each value represents the 
mean ± SEM of triplicate determinations. The data presented 
are representative of at least two different experiments with simi- 
lar results. D, Expression of p27 KipI protein. Quiescent aortic 
SMC were stimulated with 100 nM Ang II or 50 ng/ml PDGF-BB 
or with both agonists for a 20-h period. The expression of p27 Wpl 
protein was analyzed by immunoblotting. 
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with hypertrophic factors like Ang II less effectively re- 
presses p27 Kipl synthesis and does not affect the rate of 
degradation of the protein. 

The signaling pathways that are involved in the regula- 
tion of Kipl gene transcription remain to be identified. As 
mentioned earlier, PDGF-BB and Ang II activate several 
common signaling events in aortic SMC. However, signifi- 
cant differences are noted in the time course of these 
events. For example, PDGF-BB induces a sustained acti- 
vation of the MAP kinases ERK1/ERK2, whereas Ang II 
has a very transient effect (Plevin et al., 1996; and data not 
shown). PDGF-BB and Ang II are also known to have dif- 
ferent effects on the source and duration of the increase 
in cytosolic-free calcium in vascular SMC (Roe et al., 
1989; Brinson et al., 1998). In addition, mitogenic and 
hypertrophic factors are likely to trigger unique signaling 
events. Studies in pulmonary arterial SMC have shown 
that PDGF-BB exclusively stimulates an increase in phos- 
phatidylinositol 3,4,5-trisphosphate (Button et al., 1994), 
whereas only thrombin, which behaves as a hypertrophic 
factor, induces fosB mRN A levels (Rothman et al., 1994). 
However, these observations may not be generalized to 
other SMC types, since both PDGF-BB and Ang II acti- 
vate PI3-kinase and induce fosB mRNA in rat aortic SMC 
(Saward and Zahradka, 1997; and data not shown). Char- 
acterization of the 5' flanking region of the mouse Kipl 
gene showed that a region between -326 to -615 is suffi- 
cient to confer maximal basal promoter activity (Kwon et 
al., 1996; Zhang and Lin, 1997). Constructs extending be- 
yond -615 displayed lower basal promoter activity, sug- 
gesting that a negative regulatory- element may be con- 
tained in the region between -615 and -1,609 (Kwon et al., 
1996). However, these studies did not examine the serum 
or growth factor responsiveness of the various Kipl gene 
promoter constructs. Work is in progress in our laboratory 
to identify specific regions within the promoter of the rat 
Kipl gene which mediate PDGF-BB dependent transcrip- 
tional repression. 

The turnover of p27 Kipl is also subject to regulation by 
mitogenic factors in vascular SMC. Given the recent dem- 
onstration that cyclin E-Cdk2 directly phosphorylates 
p27Ki P i on threonine 187 and promotes its elimination 
from the cell (Sheaff et al, 1997; Vlach et al., 1997), it is 
tempting to speculate that the different rates of p27 Kipl 
turnover observed in PDGF-BB or Ang II-treated cells 
are a reflection of their differential ability to activate Cdk2. 
In agreement of this idea, we found that in vivo phosphor- 
ylation of p27 Kipl increases after 8-12 h in cells exposed to 
PDGF-BB, but not in response to Ang II (data not 
shown). However, phosphorylation by Cdk2 is unlikely to 
be the sole mechanism that regulates the proteolysis of 
p27 Kipl . Indeed, significant degradation of the inhibitor is 
observed during the first hours of growth factor stimula- 
tion, in the absence of detectable histone HI kinase activ- 
ity (Pagano et al., 1995; Agrawal et al., 1996; this study). 
We also found that in vascular SMC and other cell types, 
p27 Kipl is significantly phosphorylated in G 0 and early Gj 
phase (data not shown). These observations suggest that 
other protein kinases and/or mechanisms signal p27 Kipl for 
degradation. In this respect, it was reported that Ras sig- 
naling is required for downregulation of p27 Kipl in rodent 
fibroblasts (Aktas et al., 1997; Takuwa and Takuwa, 1997; 



Kawada et al., 1997) and that RhoA is a necessary media- 
tor of p27 Kipl degradation (Weber et al.. 1997). 

It has been postulated that the failure of Ang II to stim- 
ulate vascular SMC hyperplasia is due to autocrine pro- 
duction of the antimitogenic cytokine TGF-pi by these 
cells (Gibbons et al., 1992; Koibuchi et al, 1993). How- 
ever, our results do not support this model. First, active 
TGF-pi was not detected in the supernatant of Ang II- 
treated aortic SMC. Second, the use of a neutralizing anti- 
body against TGF pi in combination with Ang II did not 
potentiate DNA synthesis in these cells. Third, pretreat- 
ment of aortic SMC for four hours with Ang II before 
PDGF-BB stimulation (data not shown) or simultaneous 
addition of both factors did not affect the mitogenic re- 
sponse to PDGF-BB. 

Previous in vivo studies have demonstrated that Cdk2 
function is required for intimal SMC accumulation after 
angioplasty in the rat carotid artery (Abe et al., 1994; Mor- 
ishita et al., 1994). In addition, Cdk2 expression is tempo- 
rally correlated with vascular SMC proliferation after an- 
gioplasty (Wei et al., 1997). More recently, it was reported 
that p27 Kipl is markedly upregulated after balloon angio- 
plasty in the rat carotid artery and that high levels of 
p27 KipI expression correlates with downregulation of Cdk2 
kinase activity (Chen et al. 1997). Ectopic overexpression 
of p27 Kipl in injured arteries attenuated neointimal lesion 
formation. A recent study also presented evidence that po- 
lymerized collagen inhibits aortic SMC proliferation in 
vitro through ct2 integrin-mediated upregulation of p27 Kipl 
(Koyama et al., 1996). Thus, the results presented here, to- 
gether with these findings, clearly identify p27 Kipl as an im- 
portant regulator of vascular SMC growth response. 
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Abstract 

The retinoblastoma protein (Rb) is essential for the 
maintenance of the postmitotic state in terminally 
differentiated myocytes. Upon C2C12 myogenesis, the 
level of the cyclin-dependent kinase 4 (CDK4) protein 
does not change, but its Rb kinase activity is down- 
regulated markedly. Here, we show that the reduction 
in CDK4 activity results from (a) the irreversible 
induction and association of the p21 CDK inhibitor with 
the CDK4 complex and (b) a decline in overall D-type 
cyclin expression. Immunoprectprtation-coupfed 
imrmmoblot analyses demonstrated that myocyte 
differentiation produces alterations in the subunit 
interactions within the CDK4 complex, indiK&ng a 
Diminished interaction with cyclin D1 and enhanced 
Interactions with cyclin D3 and p21. The significance of 
the p21 Interaction with CDK4 was indicated by the 
ability of arrti-p21 antibodies to specifically 
immunodeptete a Rb kinase inhibitory activity that was 
bound to the CDK4 complex in myotubes. Furthermore, 
the restimulation of myotubes with serum did not lead 
to the re-activation of CDK4 or disrupt the CDK4-p21 
interaction, Despite the increase in cyclin D3 
expression during myogenesis, quantitative 
imrmmoblot analyses revealed that the combined levels 
of cyclin D1 and D3 decline during this process and 
that CDK4 is expressed at much higher levels than 
either of these cyclin submits in postmitotic myotubes. 
These results suggest that the myogenesis-induced 
up-regidation of p21 and down-regulation of the total 
D-type cyclin expression contribute to the inhibition of 
the CDK* Rb kinase activity, leading to conditions that 
favor the accumulation of the hypophosphorytated Rb 
and growth arrest upon terminal differentiation. 
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introduction 

During skeletal muscle terminal differerrtlation, the postmitotic 
state is established prior to the expression of the contractile 
phenotype (1). The Rb 3 appears to be an imrx)rtantreguiatorof 
the cell cycle withdrawal during myogenesis. Myogenic differ- 
entiation is associated with an Increase In the steady-state level 
of Rb mRNA (2) and the accumulation of the hypophosphory- 
fcated (active) form of the Rb protein (3, 4). Myocytes derived 
from a Rb-/- mouse can differentiate Into multinucleated 
myotubes, but unlike wild-type ceils, they remain capabteof cefl 
cycle reentry upon mitogen restimulation (5). In undifferentiated 
cells, Rb is hypophosphorytated in the quiescent state and in 
the early G A phase of the cell cycle, where it blocks ceil cycle 
progression because of the motivation of the E2F transcription 
factor (6). The phosphorylation of Rb is initiated during mid- to 
late G lf and it becomes fully phosphorylated prior to G n -S 
transition. Subsequently, it is dephosphorylated during mitosis. 
CDK4 and CDK6 are thought to be the predominate ktoases 
in vivo (7). The cyclin A-CDK2 and cyclin E-CDK2 complexes 
can also rjfa)sphorylate Rb ap vrtro and promote Rb hyperphos- 
phorylation in transfected ceBs (fl). CDK2 activation by cyclin E 
occurs following the initial phcsr^ryiation of Rb, and the ac- 
tivation of CDK2 by cyclin A occurs at even later time points. In 
contrast activation of cyclin D-CDK complexes occur in the 
mid-G, phase (? ,1 Q), the same phase of the cefl cycte in which 
myoblasts commit to terminal differentiation (1 1-13). 

Although Rb becomes dephosphorylated during myocyte 
differentiation, the predominant Rb kinases, CDK4 and 
CDK6, are constitutively expressed (1 4-1 6). It has also been 
reported that cyclin D3 is up-regulated 20-foW during Le cell 
myogenic differentiation, but no cyclin D3-assoctated Rb 
kinase activity could be detected in lysates prepared from 
the differentiated myotube cultures (15). Thus, the mecha- 
nisms leading to Rb dephosphorytertion upon myogenesis 
are not obvious, and they likely involve complex changes In 
the subunit compositions of the CDK4 and CDK6 complexes. 
Recently, cyclin kinase inhibitors were identified that bind to 
the CDK complexes and function as negative regulators of 
cell growth. The general CDK inhibitor p?1 (ateo referred to 
as sdil, mda-6 CAP20, CIP1, and WAfrl) is induced mark- 
edly upon skeletal muscle differentiation (1, 16-18). p21 
functions to inhibit CDK2 activity in postmitotic myotubes 

(18) , which presumably contributes to the establishment of 
the postmitotic state, and its expression also serves to pro- 
mote myocyte survival in low mitogen differentiation medium 

(19) . Hoe we examined the regulation of the CDK4 kinase 



3 The abbreviations used are; Rb, rettoblastoma protein; CDK, cycfin- 
dependent kinase; GST, glutathione S-transferase. 
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activity during myogenesis. We found that despite the con- 
stitutive expression of the C0K4 protein, its kinase activity 
was reduced markedly during C2C12 myocyte differentia- 
tion. Our data suggest that myogenesis-induced changes in 
the subunit composition of the CDK4 complex contribute to 
this inhibition of C0K4 kinase activity. These changes result 
from the up-regulatjon of the p21 CDK inhibitor and from a 
decrease In the combined levels of the D-type cyclins during 
terminal differentiation. 

Results _ 
Changes in Rb Phosphorylation and CDK4 Rb Kinase 
Activity upon Myocyte Differentiation. Immunoblotting 
analyses were performed to monitor changes in Rb phos- 
phorylation during C2C12 differentiation under the cell cul- 
ture conditions employed for these studies (Rg. 14). As 
reported previously (3, 4). both the rapidly migrating ny- 
poptosphorylated forms and the slowly migrating hyper- 
phosphorytated forms of Rb are present in replicating myo- 
blast lysates. However, the hypophosphorylated form 
predominates in lysates prepared from myotube cultures and 
in lysates prepared from postmitotic myotube cultures mat 
were ^stimulated with the mitogen-rich growth medlaWe 
next examined the levels of D-type cyclins and their associ- 
ated kinases. CDK4 and C0K6. which are the predommant 
Rb kinases in vim. COM and CDK8 protein levels remained 
constant during myocyte differentiation (Fig. IB). C^f 1 ™ 
protein levels decreased, whereas cyclln D3 protein levels 
increased ^-4-fold. Cycfin D2 was not detectaWemtt« 
C2C12rnyotubecfriiyoWastly^ 
that eye*. D2 protein levels decline during U niyocyte dmer- 



entjation (15). The changes in D1 and D3 cycHn levels are 
consistent with previously reported changes in their rnRNAand 
protein levels during myocyte differentiation (14-16). Serum 
regulation of differentiated myotubes had no effects on the 
levels of CDK4 or CDK6 but appeared to partially reverse the 
nTvogenesisHnduced changes in cyclin m arricytfin 03 levels. 
Because the myotube cultures used for these experiments 
canprised greater than 90% of the nudei in rmjWruicteated 
cells, these data suggest that the rnyogenesis^nduced 
changes in theexpression cyclins D1 and Mare reversible, and 
they are consistant with the notion that the mtogenic s^nal 
transduction pathway is Intact in postmitotic myotubes (18, 20, 
21) BecausetheCT^bardwasoftowifitensty^ 
nobW(f^1^andCOK6irrmiroprecipi^ 
tow Rb kinase activity under our assay conditions {not shown), 
we focused on CDK4 and its associated proteins in subsequent 

^'rTirSgate the mechanisms that may contribute to 
the observed changes in Rb phosphorylation dunng 
C2C12 myogenesis, the in vHro Rb kinase activities of 
CDK4, cycHn D1, and cycfin D3 irnrnunopreciprtates were 
determined using a GST-Rb fusion protein as substrata 
RelatlvelyhighlevelsofRbWnasea^iesweredetected 

in all immunoprecipitates from myoblast cell lysates, 
whereas these Rb kinase activities were coreiderabty 
lower in cell lysates prepared nx>mmyc^b^and myo- 
tubes restlmulated with serum (Fig. 2). SnrnHarty. a reduc- 
tion in cyclin 03 and CDK4-assccla^^^act^y 
o^Urr^ differentiate 

observed changes In Rb ptorAorytebc* states 
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Fig. 2. Dowrwegiiation of Rb kinase activity during myogenic differentiation. Anti-CDK4 f cydin Dl, and cycfin D3 IrnmurtocrecipJtates from lysates of 
myoblasts (Mo; myolubea Itft @), or rnyotubes restenutated with serum (SSMt were collected on protein A ptusG beads. The Rb kinase activities 
of these protein complexes were measured using a GST-Rb fusion protein as substrate (see "Materials and Methods"). Kinase assays were performed 
simuJfaneousty, and the intensities of the autoradiography bands can be compared directly. The average values from two ^dependent experiments are 
shown in the histogram. 



genesis. However, it is paradoxical that the level of CDK4 re- 
mains constant and that the level of cycfin D3 is up-regulated 
during this process (Fig. 18), whereas the CDK4/cyciin D3 
kinase activity is down-regulated in myotubes. It is also para- 
doxical that the cydin D1 -associated Rb kinase activity remains 
low in myotubes that are restimuiated with serum, despite the 
reinduction of cycfin D1 expression to levels comparable to that 
in proliferating myoblasts. These data led us to investigate the 
regulation of CDK4 regulatory subuntts in greater detail. 

Relative Levels of COK4, Cycltn D1, Cydin D3, and p21. 
Because of differences in antibody efficiency, direct com- 
parisons between ceil cycle protein levels cannot be made 
based solely on the data presented in Fig. 18. However, 
relative levels of ceil cycle proteins could be estimated by 
comparing immunoblot band intensities after they were cal- 
ibrated relative to the band intensities of known amounts of 
recombinant proteins that were simultaneously processed 
during the immunoblot procedure (Fig. 3). On the basis of 
these analyses, the calculated levels of CDK4 and p21 in 
myotube lysates are 20 and 31 fmo^jxg of cell lysate, re- 
spectively. In contrast, the levels of cycfin D1 and cydin D3 
are significantly lower in myotube lysates: 1 aid 3 fmol/^g of 
cell lysate, respectively. These estimates of cydin and CDK4 
levels in myotubes indicate that the majority of CDK4 is not 
complexed with cycfms In myotubes, and that the total 
amount of p21 gi^ext^ectethetev^oftheac^CDK^ 
cyciln complexes in these cells. In contrast, the levels of 
cydin D1 in myoblast lysates are 1 0fnrol//ig of cdl lysate (not 
stowr^ T^us, the large decline irvcycBn D1 levels is only 
tialp/ compensated by *e 

this situation Is likely to contribute to the tow levels of COM 
activfty that are observed in myotifce tysates (Fig. 2). 




G$T-p21(cg) GST<rfW(o$) GST-cycUn Dl (ng) GST-cydinD3 (og) 



Rg. 3. Estimates of p21, CDK4, cydin Dl . and cycfm 03 levels in myo- 
tube lysates. Immunoblot analyses were performed simultaneously with 
specific embodies on 40 fig of myotube rysata and on the indicated 
quantities of recombinant GST fusion protein, Band intensities were de- 
termined by scanning densitometry and plotted. The quantity of the spe- 
cific protein In the myotube lysate was estimated from Its band intensity 
(O) rotative to the band intensities of known quantities of recombinant 
protein {•). 



Myogenesfe-tnduced Changes in CDK4-associated 
Proteins. CDK4-associated proteins were analyzed by co- 
inrvnuropreciprtation using lysates prepared from f^SJmethl- 
onine-labeled cultures of myoblasts and myotubes to further 
investigate the mechanism of the CDK4 Rb kinase inhibition 
(Fig. 4}. Immunoprecipltation of C2C1 2 myoblast lysates with 
anti-CDK4 antibodies revealed predominant bands that ap- 
pear to correspond to p32 COK4 and p32 cyt * nEX \ which comi- 
grate in SDS-PAGE, and pSS** 0 "" 01 . Several lower-intensity 
bands were also detected that had apparent molecular 
weights of M r 16,000, 21,000, 26,000, and 27,000 (Rg. 4, 
Lane 1). The immunopredpteites of the corresponding myo- 
tube lysates displayed a reduce 
putative $38**™ band and an Increase in the intensities of 
the M r 21 ,000, 26,000, and 27,000 bands (Fig. 4, Lane 2). The 
specificity of the &ntiurtof»Bc^tated bands was demonstrated 
by their competition with an excess of irrminogenic CDK4 
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peptide (Fig- 4, Lanes 3 and 4). The myogeneste-inducible M, 
21 000 and 27,000 proteins in the CDK4 immunoprecipitates 

inhibitors p21 and p27 (WP1). Thus, immunoprecipitarJon anal- 
yses were also penfom^wrmarrtH21 (Fig. 4, Lanes 5-8) and 
antH327 (Fig. 4. Lanes 9-72) antibodies. These analyses re- 
vealed similar sets of 3S &tebeled bands corresponding tog 
or p27 as well as their associated proteins, including p3Z~"7 

p32<^arKJr£5^\ 

A series of immunoprecipitation-coupled .mmunoblot- 
ting experiments were performed to confirm the identities 
of CDK4-associated proteins and more accurately assess 
the myogenesis-lnduced changes to their relative levels 
(Fta 5). Consistent with data from the ample tmmunoblot 
analyses (Fig. 1). the irnmunoprecipitation-coupled immu- 
^ts lied no change in the total levei of CDK4 a 
decrease in the level of cyclin D1. and increases in the 
level of cyclin 03. This analysis also revealed an .ncrease 
in P 21 expression. Analysis of CDK4 immunoprec.prtetes 
demonstrated enhanced associations of CDK4 with cydin 
D3 (8-fold) and with P 21 (10-foW) during «W«*«*> 
whereas the level of COK4-associated cycim D1 de- 
creased by a factor of 4 (Fig. 5; compare Urns 6 and 7). 
T^^tte were (^nm^ed by using ant.-CDK4ant.bo 

^Sunobiot the anti- P 21. ant^yciin D1. and**- 
cvclin D3 immunoprecipitates (Fig. 5, top row . Finally. 
£ analyses did not detect cyclin D1 in cyciin 03 .m- 
munoprecipftates. and Wce*ersa. 

The imrn^prec^^ immunobtot strategy 

wTate^Sr^line the interaction between^ 
^ SdTa o27 was detected in CDK4 immunopre- 
J^Wtfl. detects in P 27 ^ 



tates. Upon myogenesis, the levels of p27 increased approx- 
imately 2-fold in the COK4 immune-precipitates. 

The induced expression of p21 in myotubes is not reversed 
by serum restimulation (17. 18), which is in marked contrast to 
the expression patterns of the Wype cycOns (Fig. 1). To eval- 
uate whether the myog^r»sls-induced associations of CDK4 
with p21 and p27 are a permanent feature of rrryocyte differ- 
entiation, myotube cultures were resBrrrulated with high mito- 
gen growth media, and lysates from these cultures were sub- 
jected to irnrnunoprer^itatkxi^oupled immunoblot analyse. 
AsshowninRg.7,thelevelsof C»K4-assoriated p21 andp27 
in serurrHBstimulated myotubes remained as high as that m 
myotubes maintained in (jHTerentiaticfl ir^ Tliese data sug- 
oest that the sustained association between COK4 and p21or 
p27 is likely to contribute to the repression of OTW ifc krnase 
activity in myotubes after serum stirmilation, despite the reh- 
ducrJon of cycOn D1 expression. 

p21-medlated Inhibition of the CDK4 Rb Kinase Activ- 
ity. Cell lysate mixing experiments were performed to test 
for a myogenesis-lnduced CDK4 Inhibitory activity. Some of 
the CDK inhibitors are stable to heat treatment, and lysates 
boiled to inactivate the kinases are useful in rmxng experi- 
ments to assay for these Inhibitory activities (18. 22-25). For 
these experiments, active CDK4 comptexv^murw 
ciptated from myoblast lysates and «a^^ a "^ 
heat-treated ceB Iysatesfor30 mln at roomtemperatureprtorto 
the Rb kinase assays (Fig. 84). The •«^ 0,h ^^? 
lysates from myotube and senjfiHsstirmi^^ 

or no effect on C0K4 kinase activity. 
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Rg. 5. ImmunoprBcipitatton coupled with immunobtotUng analyses of CDK4-associated proteins. Ceil fysates prepared from myoblasts (Mb) and 
myotubes (Mr) were immunoprecipttated with antibodies to the unrelated protein Gax (control. Lanes 1 and 2), ant^p21 (Lanes 3-6), anti-COK4 (Lanes 6 
and 7), anti-cycfrn D1 (Lanes 8 and S), and antl-cycfln 03 (Lanes 10 and 77). The immunoprecfpiteted protein complexes were separated on SOS-PAGE gefe 
and subjected to Immuncbiot analyses with CDK4, cyctin 01. cycSn 03. and p2V antibodies (frrimunoWof). tn Lane 5, the am>p21 was preincubated wtth 
Imrnunogenic peptide prior to fnr^ropredpUatkxi Anti-p21 immunobtot analysis of cydin 01 and cydin D3 Immunoprecipitates is not presented, 
because the Immunoglobulin proteins migrate at the same position in this assay. 
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fig. 6. CDK4 and p27 Intefacttons fri C2C12 myocytes. Anti-p27 immu- 
noprecipttates from myoblast (Mb) and myotube lysates were sub- 
jected to immunoblot analysis wtth p27 and CDK4 antfoodtes, Antt-CDK4 
trnmunoprecipHates and tmmunopredphates with a control antibody were 
also probed wtth p27 antibody. 



To determine whether p21 contributes to the heat-stabie 
CDK4 inhibitory activity that Is induced upon myogenesis, heat- 
treated fysates were first irmwrtodepEeted with anttoodes 
raised against peptides specific to p21 and then tested for their 
CDK4 inhibitory activity (Fig. 8fl). The treatments the myotube 
lysates with anti-p2l antibodies either partially or completely 
depleted the COK4 inhfcitory activity that was present in the 
myotube fysates. The specificity of the p21 irrminodepletk>n 
wasofcronstratedbytheinciusto immunogenic 
peptide, which prevented the removal of the CDK4 inhibitory 
activity, Furthenrore, the fusion of the p21 irrrnunogenic 
peptide alone had no effect on the CDK4 kinase activity, indi- 
cating that it (toes not interfere with the kinase assay. These 
data indicate that p21 is a potential inhfcftortf 
in myotube lysates. j 

The analyses represented in Fig. 8, A and S, demonstrate 
that the p21 inhibitory activity increases upon myogenesis; 
however, these analyses cannot discern between either the 
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Fig. 7. Sustained association of CDK4 with p21 and p27 in myotubes 
restimulated with serum. CDK4-assocfated proteins were immunopredpl- 
tated from lysates of myotubes rest) mutated with serum (SSMQ, myo- 
blasts (Mb), and myotubes (Mr). The immunopredpitates were separated 
on gel and irnmunoblotted with arrt>-p21 and am>p27 antibodies. 



possibility that the kinase inhibitory activity is actually bound 
to CDK4 in myotubes or the possibility that this activity is 
released from latent non-COK4 pools by the heat treatment 
Thus, to test whether the myogenesls-induced Rb kinase 
inhibitory activity is bound to CDK4 in myotubes, the COK4 
protein complexes were immunoprecipitated from myoblast 
or myotube lysates, bolted in lysis buffer, and then analyzed 
for their ability to inhibit CDK4 activity. As shown in Fig, 8C, 
a heat-stable Inhibitory activity was detected in CDK4 im- 
munoprecipitates prepared from myotube lysates, but little if 
any was detected in myoblast lysates. Detection of this in- 
hibitory activity in myotubes was abolished by preincubation 
with the CDK4 immunogenic peptide prior to immunopre- 
dpitation. This CDK4-bound inhibitory activity was also re- 
moved by immunodepleting the myotube hysate with anti- 
p21 antibody prior to the CDK4 imrnunoprectprtatwn step. 
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CDK4 upon myogenesis, which can lead to the accumulation 
of hypophosphoryfated Rb in myotubes. 

The experiments described herein also demonstrate that cy- 
cfri D1 is a predominant COK4-associated cycOn in myoblast 
lysates, but the level of the cydin D1-COK4 complex declines 
upon myogenesis. Although the levels of cycltn D3 and cydin 
D3/CDK4 complex increase Airing myogenesis, the total level 
of cycfin D3 bti the myotube is not sufficient to form complexes 
with the majority of CDK4 molecules, and this situation is likely 
also to contribute to the decrease in CDK4 activity. The immu- 
noprec^rtation-coi^jted fmmunobtot analyses also did not de- 
tect cycOn D1 in cydin D3 himunopredpitates nor cycfin D3 in 
cydin D1 immunopredpitates, consistent with the notion that 
the CDK4 Interactions with cyciin D1 and cycDn D3 are mutually 
exclusive. The cydin D3-CDK4 complex can phosphorytate Rb 
in vitro (9), and thus, the dedine in Rb kinase activity of the 
cydin D3 immunoprectpctate upon myogenesis is likely due to 
the enhanced association of p21 with these complexes. It is 
paradoxical that cyciin D3 is induced upon myogenesis to be- 
come associated with an inactive CDK4 complex, and the 
significance of cycfin 03 Eduction during differentiation b not 
understood at present One possibility is that cycfin D3, in 
assodation with another cydin kinase partner, may function to 
phosphorytate rrr/ctube-spetifc proteins. Support for this 
speculation indudes the findings that neurofilament proteins 
and tau are phosphorylated by CDK5 in postmitotic neurons, 
demonstrating thai this class of kinases can also have differ- 
entiatnn-specific functions (27, 28). It has also been proposed 
that cydin D3 functions to sequester p1 07 in myotubes, which 
serves to enhance the interaction between E2F and pt30 (29) . 

The data presented here also demonstrate that the myo- 
genesis-induced down-regulation of cydin D1 and tip-regu- 
lation of cydin D3 are reversible in that the levels of these 
cydins can be restored partially to their myoblast levels by 
restimutating cultures of postmitotic myotubes with serum. 
The reversibility of cyciin D1 and cdc2 mRNA (20) and of 
cydin A and CDK2 protein (18) has also been noted in 
cultures of postmitotic myotubes. In contrast, the up-regu- 
lation of p21 during myogenesis is not reversed by serum 
restimulation (17, 18), and p21 remains bound to the CDK4 
complex under these conditions (Rg. 7). Thus, the sustained 
interaction of p21 with COK4 may be an important feature 
that contributes to the irreversibility of cell cycle withdrawal 
that is exhibited by skeletal muscle cells. Of course, this does 
not rule out the possibility of other regulatory mechanisms 
that may also contribute to irreversible CDK4 inactivation 
and cell cycle arrest. For example, tyrosine phosphorylation 
of CDK4 has been shown to be required for the G, arrest in 
response to UV irradiation (30), but a potential role for CDK 
phosphorylation upon myogenesis has yet to be explored. 

in summary, the dephosptoryiation of Rb is a critical event 
in myocyte terminal differentiation, yet the protein levels of 
the RB kinase do not change upon myogenesis. Here, we 
demonstrated a marked reduction in the Rb kinase activity of 
CDK4 that correlates with changes in the proteins that are 
associated with the CDK4 complex in cell lysates. The de- 
cline In CQK4 activity appears to result from a decline in the 
combined levete of the D-type cyclins and from an irrevers- 
ible increase in the stoichiometry of the p21 subunft The 



decrease in CDK4 activity may be a mechanism that leads to 
a reduction in Rb phosphorylation, leading to ceil cyde with- 
drawal upon skeletal muscle differentiation. 



Materials and Methods 

CelCuHwe. Mouse myoblast C2C12 ceils were cultured in DMEM sup- 
plemented with 20% fetal bovine serum (growth medtun). Myogenic 
differentiation was Initiated by shining subconfluent cutture of C2C1 2 ce8s 
to differentiation medium (DMEM and 2% heat-inactivated horse serum). 
To prepare myotube cultures, myoblasts were cultured In differentiation 
medium for 2 days, then exposed to 10 /ui cytosine ^-o-arabinofurano- 
side for 48 h to eliminate undifferentiated myoblasts, and then switched 
back to differentiation medium for 2 more days* Treated under these 
conditions, the resulting myotube cultures typically displayed >90% of 
the nuclei to be present In multinucleated cells by visual examination. 
Serum restimulation of myotubes was performed by transferring myotube 
cultures to growth medium for 24 h. 

Antibodies. Anti-cyc&t 01 and anti-cycOn 03 monoctonal artttoodies. 
anti-CDK4 COOH-terrranus por/ctonai antibody and corresponding immu- 
nogenic peptide. anti-p21 and anti-p27 (Wpt) COOH-termtrtus antfbodtes, 
and (Corresponding inmunogenic peptides were sS from Santa Cruz Biotech- 
nology. Monoctonal ami-PCNA antibody was also from Santa Cruz Biotech- 
nology. Anti-CDK6 antibody and ajrrespondng Immunogenic peptide were 
a pjft from M. Meyerson (Massachusetts General Hosprtai Cancer Center, 
Boston, MA) (10). Anti-fib monoclonal antibody was from PharMingen. 

Immurtoblotting. Celts were iysed in NP40 lysis buffer [0.5% NP40, 
60 mu Tris-HCI (pH 8.0), 250 mM NaCI, 2 mw EDTA, 50 rrw NaF t 0.1 nw 
NazVOs, 1 mu phenyimethylsutfonyl fluoride, and 2 pg/m! each of teu- 
peplin and aprotiran], and insoluble materials were cleared off by centrff- 
ugatlon at 12,000 x g for 10 rm'n. Cefl lysates (40 ^g) were separated on 
denaturing acrylamkje gel and transferred to Imrnobilon-P membrane 
(MHIipore). The membranes were blocked In 5% milk In PBS with 0.2% 
Tween 20 and incubated sequentially with the primary and secondary 
antibodies. Dilution of the primary antibodies was 1 :100, as suggested by 
the manufacturer. The proteins were visualized by using the Arnersham 
enhanced chemRuminescence reagent. 

To determine the relative levete of D-type cyclins, CDK4, and p21 in 
myotube lysates, we devised a semiquantitative Immunobiot assay, ft 
these experiments, a series dilution of recombinant GST fusions of CDK4, 
cydin D1 t cyciin 03, and p21 (Santa Cruz Biotechnology, Ire), ranging 
from 1 to 100 ng, and 40 ^ of myotube lysate were eiectroprwresed on 
the same gel and subjected to imrnurockrtting. Estimates of protein levels 
in cell lysates were obtained by comparing the Immunobtot band intensity 
from cefl lysates with that of known amounts of recombinant protein that 
were loaded onto adjacent lanes in the denaturing acrylamlde gel Band 
Intensities were quantified on an Eagle-Eye densitometer (Stratagene). To 
avoid possible variation of results due to antibody availability, the exper- 
iments were repeated several times with cBfferent dilutions of antibodfes 
(1-4 f*pym9, and similar results were obtained Levels of the ceO cycle 
proteins, expressed as fmoV/ig of myotube lysate, were calculated using 
the molecular weights of GST fusion proteins. 

Metabolic Labeling and Immimoprecipctation. Cefe were labeled by 
incubating In DMEM, without methionine and cysteine, supplemented 
with diatyzed fetal bovine serum and 100 jiGi/ml each of [^methionine 
and [ 3S $)cystefne for 4 h at 37*C. Cefi lysates were prepared as described 
abova Tr» ceB rysates were precleare^ 

rifle serum and protein A beads (Santa Cruz Biotechnology, Inc.). For 
immurropreclpftetton; deared lysates were incubated with 1 /ig of the 
specific antfrodieB and protein A beatefbr3het4^.r>rtein<»mptexe9 
collected on the beads were washed five times with lysis buffer and 
separated on 12% SOS-PAGE geL The 3S S-febeled protein bands were 
visualized by ftuorography, For peptide competition, the antibodies were 
first incubated with 2 pg of ccrresporrfng Imrminogenlc peptides for 15 
min at room temperature before performing the immuropredrjh^tioa For 
ImmurwpredpitationHXJupte^ frrvnunoWotting, irnmurtoc^pitated pro- 
tein complexes from 500 jzg of cad lysates were eluted from the 
beads by beffing in 1x SOS sampling buffer (as in Ref . 3) and subjected 
to imrnunoblotting analysts. 

hi Vitro Rb Kinase and CDK4 InhfcTOon Assay, to vitro Rb kinase 
assay was performed as described (9) by using as substrate a protein 
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covering the COOH terrr*tus (605-821) of mouse Rb protein that was 
fused to GST (GST-Rb; Ref- 3). Briefly, cyclin kinase complexes were 
tn^rwprectpftatedfro^ 

and coftected on protein A beads. The beads were washed twice with 
Kinase buffer {50 rrw Tris (pH 8.0). 10 rrw MgCI* 1 mw DTT, 1 rmi 
phenytrrwthyteiitfonyi fluoride, and 1 jig/ml each of leupeptln and aproti- 
nin} and fncubated with 2 ^ of GST-Rb fusion protein and 4 mCI 
[v-^PIATP in 50 fJ Of Wnase buffer for 30 min at room temperature. 
Reactions were terminated by the addition of 20 »J of 4x SDS sample 
buffer arid boiled for 5 min. Samples were separated by electrophoresis 
on pofyaaylamtde gel, and the phosphorylated proteins were visualized 
by autoradiography of the dried gets. For quantitative measurement of me 
C0K4 kinase activities, the intensity of each band on autoradiography 
films were scanned with an Eagle-Eye densitometer (Stratagene) and 
expressed in the histogram as relative kinase activity to that of CDK4 
complex from myoblast lysates. The CDK2-associated histone Ht kinase 
activity was measured as described (1 8). 

The GST-Rb fusion protein was purified from Escherichia cotf extracts 
by batch crffornatograprry using gtutathione-Sepharose 4B beads Phar- 
macia). GST-Rb was etuted from the beads by incubation in kinase buffer 
with 5 rrw reduced glutathione at 4 8 C. Buted proteins were vlsuafeed by 
staining with Coomassfe blue following electrophoresis on a denaturing 
poiyacryiamide gel. The corjcerrtration of GST-Rb fusion proteins was 
estimated by comparing the density of GST-Rb band to that of protein 
standards of known mass. 

For COM Inhibition assays, cell lysates were baled for 5 min to release 
the bound CDK inhfcitors and cleared by brief centrtfugation in an Ep- 
pendorf tube. These heat-treated cell lysates were then incubated with 
active CDK4 complexes frnmunopreciprtated from myoblast lysates for 30 
min at room temperature. The protein complexes were washed with 
kinase buffer, and Rb kinase assay was performed as described above. 
For analysis of CDK inhibitory activity in C0K4 Immunopreciprtates, cell 
lysates were incubated with anti-CDK4 antibody and protein A beads for 
2 hat 4^ arxl washed three times with lysis buffer. The beads were boiled 
for 5 min in 0.5 mi of lysis buffer and centrtfuged. The supematarrts were 
coitected and mixed with active C0K4 proteins complexes to assay their 
inhbhory activities as described above. For peptide competition, immu- 
nogenic CDK4 peptide (1 jig) was included in the'C0K4 irranunoprecipi- 
tation reaction. For p21 depletion, ceU lysates were first imrrumcpredpi- 
tated with anti-p21 antibody prior to CDK4 immunopredprtation 
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Involvement of p27 Kipl in Gl arrest by high dose 5a-dihydrotestosterone in 
LNCaP human prostate cancer cells 
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The ceil cycle is governed by cyclin dependent kinases 
(cdks), which are activated by binding of cyclins, 
inhibited by cdk inhibitors and regulated by phosphor- 
ylation and dephosphorylation. Exposure to high dose 
dihydrotestosterone (DHT) inhibits population growth of 
the human prostate carcinoma ceU line, LNCaP. To 
determine the mechanism of growth arrest by high dose 
DHT, we assayed the changes in cell cycle profile and 
the cell cycle regulators that mediate these effects. 
Treatment of asynchronously growing LNCaP cells with 
100 aM DHT caused a Gl arrest The proportion of cells 
in S phase fell from 22 to 2%, while the Gl fraction rose 
from 74 to 92% by 24 h. Loss of phosphorylation of the 
retinoblastoma protein was noted and cdk4 and cyclin E/ 
cdk2 activities fell. Inhibition of these Gl cyclin 
dependent kinases was not due to loss of either cyclin 
or cdk proteins nor to increases in the cdk inhibitors 
pl6 WK4A and P21 0 * 1 . p21 cw protein levels remained 
constant, and cyclin E-associated p21° pl fell, suggesting 
that p21 0pl is not relevant to this form of cyclin E/cdk2 
inhibition. Of note, total p27 Kipl levels and cyclin E- 
associated p27 Epl increased as cells arrested and the 
amount of the CAK activated cdk2 bound to cyclin E 
decreased p27 K¥> immunodepletion experiments demon- 
strated that the DHT-mediated increase in P27** 1 was 
sufficient to fully saturate and inhibit target cyclin E/ 
cdk2. The inhibition of cyclin E/cdk2 by p27 Kip1 
contributes to Gl arrest of LNCaP following high dose 
DHT. pU**' may be a key effector of androgen 
dependent growth modulation in prostate cancer cells. 
Oncogene (2000) 19, 670-679. 

Keywords: p27; cell cycle; prostate cancer; androgen; 
cyclin E/cdk2 



Introduction 

Androgen interaction with the androgen receptor (AR) 
is important for growth and development of both the 
normal prostate and of prostate cancer (Hakimi et al., 
1996). At present, the most effective therapy for 
prostate cancer is reduction of testosterone or of its 
most active metabolite, 5a-dihydrotestosterone (DHT) 
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by different treatments collectively referred to as 
androgen ablation (Catalona. 1994). However, tumor 
progression to an androgen insensitive state severely 
limits the efficacy of these treatments. We have 
investigated how this steroid pathway influences key 
cell cycle regulators in the androgen sensitive, human 
prostate cancer cell line. LNCaP. An understanding of 
how cell cycle progression is influenced by androgen 
pathways, and how these mechanisms are disrupted in 
prostate cancer progression, may lead ultimately to 
new methods of achieving cytostasis in hormone 
resistant prostate cancers. 

Progression through the ceil cycle is governed by a 
family of cyclin dependent kinases (cdks), whose 
activity is regulated by phosphorylation (Solomon, 

1993) , activated by binding of cyclins (Morgan, 1995; 
Sherr, 1994) and inhibited by the cdk inhibitors (Reed 
et aL 1994; Sherr and Roberts, 1995). The cdks 
regulate biochemical pathways, or checkpoints, which 
integrate mitogenic and growth inhibitory signals, 
monitor chromosome integrity, and coordinate cell 
cycle transitions (Hartwefl, 1992; Murray, 1992). 
Passage through Gl into S phase is regulated by the 
activities of cyclin D-, cyclin E-, and cyclin A- 
associated kinases. Cyclin 8-dependent kinases regulate 
the G2/M transition. 

Two families of cdk inhibitors mediate cell cycle 
arrest following growth inhibitory stimuli (Sherr and 
Roberts, 1995, 1999). The inhibitor of cdk4, INK4, 
family members pl5 ,NK4B , pl6 1N1 " A , pl8 INK4C , and 
pl9 INIUD bind cdk4 and cdk6 specifically and inhibit 
cyclin D binding. Members of the KIP or kinase 
inhibitor protein family, which include p21 c, p', p27 Kip ', 
and p57 KW , bind and inhibit target cyclin/cdk com- 
plexes. The cdk inhibitor, p27, acts during GO and the 
early Gl phase of the cell cycle to inhibit Gl cyclin/cdk 
complexes (Polyak et a/., 1994a,b; Toyoshima and 
Hunter, 1994; Slingerland et al., 1994; Hengst et at., 

1994) . In many cell types, p27 is essential for 
quiescence. Antisense p27 inhibits exit from the cell 
cycle following serum withdrawal (Coats et a/., 1996; 
Rivard et al, 1996) and antisense p27 stimulates 
estradiol depleted quiescent MCF-7 breast cancer cells 
to re-enter cell cycle (Cariou, Donovan and Slinger- 
land, in preparation). p27 levels are regulated by post- 
transcriptional mechanisms including both translation 
and proteolysis (Hengst and Reed, 1996; Pagano et a/., 
1995; Millard et al, 1997). In human cell lines, 
phosphorylation of p27 is maximal in GL just prior 
to the drop in p27 protein that occurs at S phase 
(Pagano et al., 1996). Phosphorylation of p27 triggers 
its proteolytic degradation (Vlach et al., 1997: Sheaff et 
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aL 1997; Montagnoli e* fl/., 1999; Tsvetkov et a/., 
1999), as is the case for the yeast cdk inhibitor Sicl 
(Schneider et aL 1996; Tyers, 1996). 

p27 increases during differentiation in many cell 
types, including differentiation induced by vitamin D3 
(Hengst and Reed, 1996; Wang et aL 1996) and by 
androgen in the prostatic epithelium (Chen et aL 
1996). p27 knockout cells manifest altered differentia- 
tion programs (Casaccia-Bonnefil et aL 1997). Indeed, 
p27 knockout mice develop multiple organ hyperplasia 
(Fero et aL 1996; Kiyokawa et aL 1996; Nakayama et 
aL, 1996), including prostatic hyperplasia (Cordon- 
Cardo et aL 1998), underlining the importance of p27 
as an inhibitor of prostate cell proliferation. 

Increasing evidence suggests that the cyclins, cdks and 
cdk inhibitors are either themselves targets for genetic 
change in cancer or are disrupted secondarily by other 
oncogenic events (Hunter and Pines, 1994). Since they 
oppose mitogenic stimuli, the cdk inhibitors are good 
candidates as tumor suppressors. Although genetic 
changes in the pit gene support a tumor suppressor 
(TS) role for this inhibitor in cancers (Bates and Peters, 
1995), mutations in p27 have been identified only rarely 
(Kawamata et aL 1995; Pietenpol et aL 1995; Ponce- 
Castaneda et aL 1995). A reduction in p27 protein could 
contribute to resistance to growth inhibitory factors, 
deregulation of cell proliferation, and oncogenic change. 
Although normal human epithelia of the breast, 
prostate, lung, and colon express high levels of p27 
protein, this protein is frequently reduced in primary 
carcinomas at these sites (reviewed in Cariou et aL 
1998). The reduction of p27 protein is of prognostic 
importance in these cancers and correlates with an 
aggressive tumor phenotype in vivo (Catzaveios et aL 
1997; Loda et aL 1997; Porter et aL 1997; Tan et aL 
1997; Mori et aL 1997; Esposito et aL 1997; Tsihlias et 
aL 1998). Enhanced proteolytic degradation may under- 
lie the loss of p27 in tumor cells (Catzaveios et aL 1997; 
Loda et aL 1997; Esposito et aL 1997). Thus, changes in 
the post-translational mechanisms which target p27 for 
degradation, may be germane to oncogenesis and/or 
tumor progression. 

In a study of p27 immunostaining in primary 
prostate cancer, we found that loss of p27 protein 
was an independent prognostic factor, predicting 
reduced time to recurrence following radical prosta- 
tectomy (P= 0.047, risk ratio 2.08) (Tsihlias et aL 
1998). In a small subset of patients, androgen ablation 
therapy prior to tumor removal appeared to increase 
p27 protein, raising the possibility that androgens may 
modulate p27 degradation pathways in vivo. In the 
present study, the effect of high dose androgen on cell 
cycle progression was investigated in a model of human 
prostate cancer, the LNCaP cell line. 

LNCaP is an androgen-sensitive human prostate 
cancer cell line derived from a metastasis to a 
supraclavicular lymph node (Horoszewicz et aL 1983). 
The line has an aneuploid human male karyotype, and is 
tumorigenic when implanted into nude mice. The potent 
androgen, 5a-dihydrotestosterone (DHT), modulates 
LNCaP proliferation in a well-characterized fashion. 
DHT stimulates proliferation at concentrations between 
0. 1 and 1.0 nM DHT and proliferation is inhibited at 
DHT concentrations below 0.1 nM or above 10 nM 
DHT Androgens have also been shown to mediate 
biphasic growth response in the prostate in vivo. Low 



dose androgen administered to castrate rats will reverse 
prostate atrophy and induce proliferation in the prostate 
gland. Higher doses of androgen cause growth arrest by 
inducing differentiation of prostate epithelial cells (Chen 
et al., 1996). Because our study of primary tumors 
suggested that p27 regulation may be importantly altered 
in human prostate cancers, we wished to explore further 
how androgen may modulate the cell cycle and p27 
function in the prostate cancer line, LNCaP. 



Results 

100 nM dihydrotestosterone causes GI arrest of LNCaP 

Treatment of asynchronously growing LNCaP cells 
with 100 nM DHT for 24 h induced a Gl arrest. The 
proportion of cells in Gl went from 70%, in the 
asynchronously growing untreated cells, to 92% at 
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Figure 1 FACS analysis of LNCaP treated with 100 nM 
dihydrotestosterone. (a) Dot plot showing relative uptake of 
BrdU and PI in asynchronously growing LNCaP. (b) Decreased 
BrdU uptake indicating arrest of DNA synthesis after 24 h 
treatment with 100 nM DHT. (c and d) Cells were harvested and 
prepared for FACS analysis at various intervals after addition of 
100 nM DHT to culture media. Gl arrest was maximal at 24 h. 
Results shown in (d) are the average of three separate experiments 
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maximal arrest by 48 h. Cells in S phase fell from 22% 
of the untreated population to 2% within 24 h (Figure 
I). A . sub-Gl population was not observed. No 
significant growth arrest was observed when cells were 
cultured in media supplemented with 1 and 10 nM 
DHT (data not shown). 

The cell cycle arrest persisted for up to 96 h in media 
supplemented with DHT. This DHT-raediated cell 
cycle arrest was not accompanied by cytotoxicity, 
based on morphological appearance and the use of 
Trypan blue exclusion staining. The proportion of cells 
that failed to exclude Trypan blue was similar in 
treated and untreated cells. Treatment of LNCaP cells 
with 50 nM DHT also caused a Gl arrest within 48 h. 
To determine whether high dose DHT was inducing a 
form of irreversible differentiation, cells were cultured 
for 48 h in 50 and 100 nM DHT and then transferred 
to media without additional DHT for a further 24 h. 
Upon removal of supplemental DHT from the culture 
media, cells underwent a prompt release from Gl 
arrest, showing an asynchronous cell cycle profile 
within 24 h (S phase fraction 20%) (Table 1). 

To determine whether the effects of 100 nM DHT on 
prostate cancer cell proliferation could occur in the 
absence of the AR and AR signaling, two steroid- 
independent prostate cancer lines, PC-3 (Kaighn et a/., 
1979) and DU145 (Stone et aL. 1978) were treated with 
100 nM DHT. Neither the PC-3 nor the DU145 
prostate cancer cell lines express detectable AR 
(Kaighn et oL 1979; Stone et al. y 1978). The addition 
of 100 nM DHT to the culture medium had no effect 
on either PC-3 or DU145 cell proliferation (data not 
shown). Treatment of LNCaP cells with 100 nM DHT 
for 48 h led to an increased secretion of prostate 
specific antigen as determined by Hybritech assay on 
culture media. PSA concentration (ng/ml) in condi- 
tioned media from cells with/without 100 nM DHT was 
383.5/167.5 and 443.1/340.3 on two separate occasions. 
Although the results were not normalized for cell 
number, cells were initially plated equally. After 48 h, 
the number of cells on DHT treated plates would be 
less than that on untreated plates. Thus, relative 
cellular production of secreted PSA was increased by 
exposure to 100 nM DHT. A Western blot did not 
demonstrate any difference in cellular PSA levels as 
ceils underwent arrest (data not shown). 

DHT mediated Gl arrest is accompanied by accumulation 
of nuclear p27 protein 

Immunohistochemistry performed on asynchronous 
populations of LNCaP cells demonstrated a hetero- 
geneous nuclear immunoreactivity for p27. Cells 
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arrested in Gl after treatment with 100 nM DHT for 
48 h demonstrated uniformly strong nuclear staining 
for p27 protein (Figure 2). Controls reacted with 
secondary antibody alone did not show any significant 
nuclear staining. Pre-adsorption of the primary anti- 
body with blocking peptide abolished the nuclear 
staining (data not shown). 

Western analysis at intervals after treatment with 
100 nM DHT showed loss of phosphorylation of the 
retinoblastoma protein (pRb) within 16 h, with pre- 
dominantly hypophosphorylated pRb detected at 48 h. 
There was no appreciable change in the protein levels 
of cdk2, cdk4, and cdk6, cyclins Dl and E, or the cdk 
inhibitors pl6 INK4A and p21 apl . Levels of cyclins A and 
Bl fell significantly. This is consistent with the DHT- 
mediated inhibition of entrance into S and G2/M 
phases, where peak expression of these latter two 
proteins -is known to occur. An increase in p27 protein 
levels was appreciable within 4 h after addition of 
DHT, with peak levels fourfold above baseline detected 
by 4S h, as determined by densitometry (Figure 3). 

The increase in p27 saturates and inhibits cyclin Efcdk2 in 
DHT-arrested LNCaP 

Inhibition of cyclin E/cdk2 activity was notable within 
12 h after the addition of 100 nM DHT to the 
asynchronously growing cells, with minimal activity 
detected at 24 h (Figure 4b). To further investigate the 
mechanism of inhibition of cyclin E/cdk2, these 
complexes were examined by immunoprecipitation of 
cyclin E followed by Western blotting to detect 
associated proteins. No dissociation of cyclin E/cdk2 
complexes was observed, however, the amount of CAK- 
activated threonine 1 60 phosphory lated cdk2 bound to 
cyclin E decreased. Phosphorylation by cdk activating 
kinase (CAK) shifts cdk2 to its faster mobility form on 
SDS-PAGE (Gu et a/., 1992). The amount of cyclin E- 
associated p21 fell, suggesting that p21 is not relevant to 
this form of cyclin E/cdk2 inhibition. The amount of 
cyclin E-associated p27 increased 3-4-fold, by densito- 
metry, as the cells entered Gl arrest (Figure 4a). In 
other cellular contexts, such an increase in p27 has been 
shown to saturate cellular cyclin E/cdk2 (Reynisdottir et 
aU 1995). 

To determine whether this increase in p27 was 
sufficient to saturate target cyclin E/cdk2 and induce 
cell cycle arrest, p27 was immunodepleted by three 
serial immunoprecipitations from both asynchronously 
growing cell lysates and from DHT-arrested cell 
lysates. Cyclin E immune complexes were examined 
before and after p27-immunodepletion. p27 immuno- 
depletion caused a significant reduction of eyefin E 
protein from asynchronously growing cell lysates 
(Figure 4c). This reflects the substantial proportion of 
Gl phase cells in an asynchronous population of 
LNCaP. In spite of a significant reduction in the level 
of cyclin E, the remaining cyclin E immune complexes 
showed almost the same kinase activity after p27 
immunodepletion as before (Figure 4c, left panel). This 
is consistent with most p27-bound cyclic E complexes 
having minimal kinase activity. There was virtually bo 
detectable cyclin E remaining after p27 immunodeple- 
tion of DHT-arrested cell lysates. Urns, the increase in 
p27 by DHT treatment was sufficient to saturate and 
inhibit the cellular cyclin E/cdk2 complexes. 
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Figure 2 p27 nuclear staining of LNCaP cells in tissue culture. Cells were cultured on poly-L-lysme coated glass slides, fixed and 
stained for p27 as described in the Materials and methods section, (a) Control sample obtained by staining with secondary antibody 
alone, (b) Asynchronously growing cells, (c) Cells arresied by treatment with 100 nM DHT show uniform strong nuclear p27 
staining 



+ 100 nM DHT 



Time(h) 0 1 4 8 12 16 20 24 48 




Figure 3 Cell cycle regulators during Gl arrest by DHT. Cells 
were harvested at indicated time intervals after addition of 
100 nM DHT to culture media. Lysates were prepared and 
resolved using 17.5% SDS-PAGE. Proteins were detected by 
immuaoblotting with the indicated antibodies 



Antisense p27 failed to prevent the increased binding of 
p27 to cyclin E after high dose DHT 

Antisense p27 oligonucleotides (ASp27) were trans- 
fected into asynchronously growing LNCaP cells. Six 
hours post transfection, 100 nM DHT was added to 
control (lipid alone), mismatch oligonucleotide 
(MSp27) and ASp27 transfected cells. In both 
oligonucleotide-transfected and non-trahsfected con- 
trols, 100 nM DHT induced Gl airest. MSp27 and 
control cells showed the same increase in p27 by DHT 
as did LNCaP treated with 100 nM DHT alone. ASp27 
prevented the fourfold rise in p27 protein following 
DHT treatment, p27 levels in the cells treated with 



ASp27 and DHT together were similar to untreated 
asynchronously growing LNCaP. However, when 
cyclin E immune complexes were analysed, ASp27 
treated cells still showed an increase in the binding of 
p27 to cyclin E complexes following 100 nM DHT, in 
spite of the modest reduction in total p27 levels. ASp27 
treatment did not reduce total p27 protein levels to a 
sufficient degree in LNCaP to prevent the DHT- 
mediated increased association of p27 with its target 
kinase cyclin E/cdk2 (data not shown). 

Inhibition of cyclin D-bound cdk4 by high dose DHT 

The cyclin D-associated kinases also function in Gl to 
regulate the transition into S phase. To assay the 
effects of 100 nM DHT on these complexes, cdk4 was 
immunoprecipitated and kinase activity assayed at 
various intervals during the arrest of the LNCaP cells. 
Cdk4 activity was strongly inhibited by treatment with 
100 nM DHT (Figure 5b). Immunoprecipitation of 
cdk4 and its associated complexes did not demonstrate 
any dissociation of cyclin Dl from cdk4. The level of 
cdk4-bound pl6 remained unchanged. There was a 
rise in p!5 association with cdk4 between 0-12 h 
after addition of DHT, which persisted to 24 h. 
Between 24-48 h, there was no further reduction in 
the per cent S phase cells, and cdk4-bound pi 5 
actually decreased slightly by 48 h, possibly reflecting 
progression into a quiescent state. The levels of p21 
and p27 bound to cdk4 decreased as cells underwent 
arrest. 



Discussion 

The LNCaP cell line is the most commonly studied 
model of androgen-sensitive prostate cancer. This cell 
line shows a characteristic bell shaped growth curve in 
response to increasing concentrations of androgen in 
the growth media (Horoszewicz et al> 1983; Lee et a/., 
1995; Kim et a/., 1996). Although the dose-dependent 
differences in the effects androgen on cell numbers have 
been known for nearly two decades, the mechanism of 
the growth inhibition by high dose androgen was 
poorly understood. Androgens are required for normal 
growth and differentiation in prostate epithelial cells. 
Chen et al. (1996) studied the effects of androgen on 
the cell cycle of normal prostate in vivo in rats. 
Castration resulted in atrophy of the gland due to 
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Figure 4 p27 saturates cyciin E/cdk2 complexes and inhibits this kinase following treatment or asynchronously growing LNCaP 
wfch 100 n M DHT. (a) Cyciin E immune complexes. Celts were recovered at intervals after addition of DHT to culture media DN A 
^ai* were determined by FACS analysis, u'nd the percentage of cells in GL S, and G2/M *J**f^^ 
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apoptosis and arrest of surviving cells. Re-administra- 
tion of testosterone induced transient epithelial cell 
proliferation followed by decreased cellular prolifera- 
tion and an increase in p27. It was postulated that the 
increased p27 was playing a role to inhibit proliferation 
as regenerating prostatic tissue underwent steroid- 
mediated differentiation. The paradoxical effects of 
androgen stimulation in LNCaP (growth stimulation at 
low concentrations of androgen, growth inhibition with 
increased PSA secretion at high concentrations) may 
represent a normal physiological mechanism that has 
been retained by this tumor cell line. 

Several lines of evidence suggest that the Gl arrest 
by high dose DHT is an AR mediated effect. In our 
study, as in others (Lee et a/., 1995), high dose DHT 
induced an increase in PSA secretion by the LNCaP 
cells. PSA is a serine protease that is normally secreted 
by the prostatic epithelium. We demonstrated higher 
P5A production in conditioned media from cells 
arrested after 48 h in 100 nM DHT than in cells 
without added androgen. This result and our observa- 
tion that cellular PSA levels were not increased by 



Western analysis are consistent with a DHT-induced 
increase in secretion of PSA. Treatment of AR- 
negative PC-3 cells and DU145 cells with 100 nM 
DHT affected neither cellular proliferation nor PSA 
secretion (not shown). Furthermore, PC-3 cells that 
have been genetically engineered to express the AR 
show growth arrest in response to androgen treatment 
(E Brown, personal communication). 

The present study demonstrates that the decreased 
rate of growth for LNCaP at high doses of DHT is due 
to Gl arrest and not to cell death. Growth inhibition 
with Gl arrest was demonstrated at doses of 50 and 
100 nM DHT, whereas, no significant growth arrest 
was observed with doses between 1 -10 nM DHT. We 
saw no morphological evidence of cell toxicity and 
Trypan blue exclusion did not differ between treated 
and untreated cells. Furthermore, the Gl arrest 
appeared fully reversible on removal of the high dose 
DHT at 48 L The longest treatment interval was 96 h, 
with maximal arrest noted at 24 h. Whether exposure 
to 100 nM DHT longer than 96 h might induce an 
irreversible Gl arrest is not known. 
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Figure 5 Inhibition of Cdk4 activity during DHT-mediated Gi arrest. Asynchronous LNCaP cultures were treated with 100 nM 
DHT and cells were recovered for FACS analysis and preparation of protein rysates. (a) Cdk4 complexes. Cdk4 was 
immunoprecipitaied and complexes were resolved and immunoblolted as for Figure 4a. (b) Cdk4 kinase assay. Cdk4 was 
immunoprecipitated and kinase activity was assayed as in Materials and methods 
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High dose DHT caused a loss of pRB phosphoryla- 
tion as has been observed in other forms of GI arrest 
(Laiho et a/., 1990; Sandhu et aU 1997). Hypophos- 
phorylated pRB binds and inactivates E2F, thereby 
inhibiting the function of that transcription factor, and 
precluding transcription of genes required for S phase 
entry (DeGregori et aL, 1995). Phosphorylation of pRB 
leads to its dissociation from E2F, and to E2F 
activation (Chellappan et aL y 1991). The pRB gene is 
wild type in LNCaP (Peehl, 1994). Since both cyclin D- 
assodated kinases and cyclin E/cdk2 activities con- 
tribute to pRB phosphorylation (Sherr and Roberts, 
1995), the effects of DHT on these cyciin/edks were 
assayed. 

Cyclin E-dependent kinase activity fell as cells 
underwent arrest. This was accompanied by a fourfold 
overall increase in p27 protein. More importantly, the 
increase in p27 protein was sufficient to fully saturate 
cyclin E/cdk2 complexes. p27-immunodeptetion de- 
monstrated that essentially all of the cellular cyclin E 
was bound to p27 in these DHT-arrested cells. This 
supports the conclusion that the increase in p27 
contributes causally to cyclin E/cdk2 inhibition and 
to the Gl arrest observed. In other systems, a similar 
increase in p27 levels has been shown to be sufficient to 
saturate and inactivate cyclin E/cdk2 (Reynisdottir et 
al, 1995). The fact that cyclin E-associated p21 fell as 
cells arrested, suggests that p21 is not likely to be 
involved in inhibition of this kinase. 

ASp27 treatment prevented the fourfold increase in 
p27 levels following exposure to 100 nM DHT. 
However, ASp27 failed to prevent DHT-mediated Gl 
arrest. In spite of the modest reduction in p27 protein 
levels, the increased association of p27 with cyclin E/ 
cdk2 complexes was intact in ASp27 treated cefls 
arrested by 100 nM DHT. This suggests that factors 
that lead to an increased affinity of binding of p27 to 



cyclin E/cdk2 following -DHT treatment may be more 
important to the inhibition of this kinase than the 
increase in p27 protein levels alone. 

Cdk activating kinase (CAK) mediated phosphoryla- 
tion of cdk2 on threonine 160 is required for catalytic 
activity (Gu et al., 1992). In this study, cyclin E-bound 
cdk2 showed a progressive loss of CAK activation, 
with accumulation of the slower mobility form of 
cyclin E-bound cdk2. Kato et al (1994) have 
demonstrated that p27 can inhibit CAK activation of 
cyclin D-associated cdk4 during cyclic AMP mediated 
Gl arrest in macrophages. Increased binding of p27 to 
cyclin E/cdk2 may modulate the conformation of these 
complexes and block the access of CAK to its catalytic 
sites on cdk2, thereby preventing the activating 
phosphorylation of cdk2. A similar loss of CAK 
activation of cyclin E-bound cdk2 has been demon- 
strated in TGF-jS arrested cells (KofJ et aL, 1993; 
Slingerland et a/ M 1994). 

Cdk4 kinase activity was also inhibited by 100 nM 
DHT. pl6, p21, and p27 are not likely involved in the 
inhibition of this kinase, since pl6 association with 
cdk4 remained constant and dissociation of p2I and 
p27 from cdk4 was observed. pl5 binding to cdk4 was 
increased at 12 h and remained elevated until 24 h. The 
accumulation of pl5 may facilitate dissociation of p21 
and p27 from cdk4 complexes. Versions of this model 
of action for pi 5 have been suggested previously in GI 
arrest due to TGF-/3 (Reynisdottir et a/., 1995; Sandhu 
et al. f 1997). It is also possible that the affinity of p27 
for cyclin E/cdk2 is actively regulated as suggested by 
Sheaff et al. (1997), and this may be independent of the 
effects of pi 5 on cyclin D/cdk4 complexes (Sandhu et 
al, 1997). 

The INK4 family of cdk inhibitors have been shown 
to inactivate their target kinases by binding to them 
and displacing the associated cyclin (Parry et a/., 1995; 
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Sandhu et aL, 1997). Although we did not see cychn 
Dl dissociation from cdk4 as kinase activity dimin- 
ished, it is possible that pi 5 may have displaced cyclin 
D2 or D3. However, we were unable to detect cyclins 
D2 or D3 in cdk4 complexes using commercially 
available antibodies. Clearly, there may be more than 
one mechanism contributing to DHT-mediated Gl 
arrest. Although p27 appears to be important in the 
inhibition of cyclin E/cdk2, other mechanisms, includ- 
ing pl5, may act to inhibit the D-type cyclin/cdks. 

Since 1941, when Huggins and Hodges discovered 
that prostate cancer undergoes regression in response 
to castration, there have been few major advances in 
the management of metastatic prostate cancer (Hug- 
gins et al, 1941). Leutinizing hormone releasing 
hormone (LHRH) analogs that induce castrate levels 
of testosterone have obviated the need for castration 
(Peeling, 1989), In spite of advances in the hormonal 
therapy of prostate cancers, progression to a hormone 
independent state invariably occurs. Thus, there is 
clearly a need for development of novel treatment 
approaches for advanced prostate cancer. A greater 
understanding of how cell cycle regulators respond to 
androgenic stimuli in normal and malignant prostatic 
epithelial cells could lead to the identification of new 
targets for therapy. The present study suggests that the 
increased levels of p27, and its binding and inhibition 
of cyclin E/cdk2 contribute to Gl arrest of LNCaP 
human prostate cancer cells in response to high doses 
of DHT. nn 

Several other reports suggest a role for p27 as a 
mediator of Gl arrest in prostate cancer tissue culture 
models. Gl arrest of prostate cancer line DU145 
induced by EGF receptor blockade involves upregula- 
tion of p27 protein and corresponding inhibition of 
cyclin E/cdk2 activity (Peng et a/., 1996; Zi et al, 
1998). A subline of LNCaP developed by continuous 
culture in the absence of androgen is growth inhibited 
by low doses of androgen. In this LNCaP subline, loss 
of cdk2 activity was also correlated with accumulation 
of p27 (Kokontis et al., 1998). In an androgen 
dependent mouse mammary carcinoma cell line, SC- 
3 Gl arrest upon androgen withdrawal is associated 
with a similar upregulation of p27 and the binding and 
inhibition of cdk2 by p27 (Menjo et al, 1998). In these 
different tissue culture models, androgen mediates 
different effects on proliferation: in the one case, 
androgen induces growth arrest, whereas in the other, 
androgen withdrawal has this same effect. Interestingly, 
in each case, a similar mechanism of Gl arrest appears 
to be invoked, with upregulation of p27 leading to 
inhibition of cyclin E/cdk2 activity. Since the growth of 
prostate cancers in vivo can initially be restricted by 
anti-androgens, it would be of interest to determine 
whether p27 is up-regulated following androgen 
depletion of steroid-dependent prostate cancer. 

Increasing data from studies of p27 'V™' ? 
human prostate cancers, suggest a role for this KIP in 
prostate epithelial cell growth. Several recent reports 
indicate a prognostic role for p27 in prostate cancer. 
Low or undetectable levels of p27 protein in primary 
prostate carcinoma have been shown to correlate with 
increased proliferative index (Guo et al mjh 
increasing tumor grade (Jsihlias et al., 1998; Yang 
et at., 1998; Guo et al., 1997; Cote et al 998) 
shorter disease-free survival (Tsihhas et al., 



Yang et a/., 1998; Cote et al., 1998; Cordon-Cardo et 
al 1998), and decreased overall survival (Cote et a!. t 
1998) In our study of the prognostic value of p27 m 
human prostate cancer, strong p27 staining was 
uniformly seen in benign prostatic epithelial compo- 
nents in all tumor sections. p27 staining was variable 
in prostatic intraepithelial neoplasia and reduced in 
most prostate cancers. A small subset of tumors, 
treated with pre-operative androgen ablation therapy 
prior to radical prostatectomy, tended to show higher 
expression of p27 protein than that in untreated cases 
The few tumors that showed a persistence of low p27 
staining (less than 25% of tumor nuclei positive) after 
androgen ablation therapy had the worst prognosis 
(Tsihlias et ai, 1998). In their study of p27^ expression 
in prostate cancer, Cordon-Cardo et al. (1998) found 
low or absent p27 in androgen-independent metastatic 
prostate cancers. These authors also raised the 
possibility that mechanisms leading to accelerated 
p27 degradation may contribute to the development 
of metastases and/or progression of prostate cancer to 
the androgen-independent state. Taken together, both 
studies of p27 in prostate cancer cell lines and in 
primary tumors raise the hypothesis that changes in 
pathways that regulate p27 levels may contribute to 
tumor progression and to growth modulation of 
human prostate cancer cells in response to: various 
androgenic stimuli. 



Materials and methods 

Cell culture 

The fast growing strain of LNCaP. LNCaP-FGC (Berns et 
al 1986), and cell lines PC-3 and DU145 were purchased 
from ATCC Cells were grown in RPMI 1640 culture media 
plus 5% FBS without phenol red. All experiments were 
performed using LNCaP passages 25 to 40. Cells were grown 
to 80% confluence in 10 cm tissue culture plates and split 
1-6 Cell populations growing asynchronously were then 
treated with variable concentrations (0.1- 100 nM) of 5a- 
dihydroiestosterone (Sigma Laboratories, St. Louis, MO, 
USA) or ethanol vehicle (0.1% and 1.0%) alone as a control 
Cells were treated for up to 96 h, and the media changed 
every 4$ h. As controls, the AR-negative prostate cancer lines 
PC-3 and DU145 were cultured in DM EM supplemented 
with 5% FBS without phenol red. Asynchronously pwng 
rc-3 or DUI45 cells were treated with 100 nM DHT for 48 h 
prior to recovery for flow cytometry and protein analysis. 

Determination of PSA secretion 

Cells were cultured on 10 cm plates in 10 ml media. At 30% 
confluence, cells were washed twice with PBS «J to 
cultured with fresh medium with or "f***^ 0 * * 
100 nM DHT. Conditioned media were collected a 48 b and 
PSA concentration determined using the Hybntech assay. 

Imrmmohisiochemistry 

LNCaP cells were plated on poiy-L-lysine coated glasses 
Ld Cultured for 24 h. The media was then supplemen^ 

m3n£ anlibody (Transduction Laboratory Uungton, 
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K.Y, USA) diluted 1 : 1000 (0.25 pg/ml) in PBS. Slides were 
then reacted with biotin-labeled anti-mouse lgG and 
incubated with preformed avidin-biotin- peroxidase com- 
plex (Vector Laboratories, Burlingame, CA, USA). Metal- 
enhanced diaminobenzidine substrate (Pierce, Rockibrd, IL, 
USA) was then added in the presence of horseradish 
peroxidase. Ceils were photographed using a Wilovert 
microscope equipped with a Wild Leitz MPS 52 photocamera 
(Wild Leitz Ltd., Heerbrugg, Switzerland). 
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cocktail was removed and replaced with complete medium 
containing 100 nM DHT. Cells were recovered for flow 
cytometric and protein analysis 36 h thereafter. 100 nM 
DHT-arrested cells were also transfected with ASp27, 
however, the reduction of p27 was considerably less in these 
cells than after transfection of ASp27 into asynchronously 
growing cells. The minor reduction in p27 protein levels in 
these DHT arrested cells was not sufficient to cause release 
from GO. 
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Flow cytometric analysis 

Cells were pulse-labeled with 10 mm bromodeoxyuridine 
(BrdU) for 2 h at intervals after addition of DHT to 
asynchronously growing cells. Cells were then harvested, 
fixed with 70% ethanol, treated with 0.1 N HQ, and heated 
for 10 min at 95°C to expose labeled DNA. Cells were then 
stained with anti-BrdU-conjugated FITC (Becton Dickinson) 
and counterstained with propidium iodide. Cell cycle analysis 
was carried out on a Becton Dickinson FACScan. using Cell 
Quest software. 

Immwobloiting 

Cells were jysed in ice cold NP-40 lysis buffer (0.1% NP-40, 
50 nM Tris pH 7.5, 150 qim NaCL 1 mM phenylmethylsulfo- 
nylQuoride, and 0.02 mg/ml each of aprotinin, leupepsin, and 
pepstatin). Lysates were sonicated and clarified by centrifuga- 
tion. Protein was quantitated by Bradford analysis and 20- 
100 /ig protein per lane resolved by SDS-polyacrylarnide gel 
electrophoresis (SDS-PAGE). Transfer and blotting was as 
described {Dulic et aL. 1992). Proteins were detected by 
electrochemiluminescence (ECL). Densitometry was per- 
formed using the Molecular Dynamics Imaging system and 
ImageQuant software to quantitate the relative amounts of 
p27 protein detected on Western blots. For detection of 
cyclin E-associated proteins by immunoprecipitation-Western 
analysis {IP- Western), cyclin E was immunoprecipitated from 
200 /ig protein lysate, complexes resolved, blotted and blots 
reacted with cyclin E, cdk2, p21, and p27 antibodies. For 
detection of cdk4 complexes, 100-400 fig protein lysate was 
immunoprecipitated with cdk4 antibody and associated cyclin 
Dl, pl5, p!6, p2K and p27 proteins detected by immuno- 
blotting. For immunodepletion of p27. p27 was serially 
immunoprecipitated three times from 200 /(g protein lysate 
and then cyclin E was immunoprecipitated from the p27- 
depleted lysate. The amounts of immunoprecipitable cyclin E 
protein, associated cdk2 and p27 proteins, and kinase 
activities prior to and after p27 immunodepletion were 
compared using IP- Western blotting and IP-kinase assays. 



Cyclin-dependent kinase assays 

Cdk4 kinase assays were performed using the method of 
Matsushime et aL (1994). using a truncated recombinant 
retinoblastoma protein as substrate. Quantitation of radio- 
activity incorporated in the substrate was performed using a 
Molecular Dynamics Phosphorlmager and ImageQuant soft- 
ware. Cyclin E-associated kinase assays were performed using 
either a monoclonal anti-cyclin E antibody (mAb El 72, from 
E Harlow, Mass. General. MA, USA) or a polyclonal anti- 
cyclin E antibody (from D Agarwaal, Lee Moffat Cancer 
Center, FL. USA). Histone HI was used as substrate for 
cyclin E-associated kinase assays. In each case background 
activity was determined using a non-specific antibody as a 
control. Background activity was subtracted, and kinase 
activities were graphed as a per cent maximum activity. 

Antibodies 

The following antibodies were used iri the immunoblotting 
experiments: pRB mouse mAb from Pharmingen; cdk2 rabbit 
pAb sc-163, cdk4 rabbit pAb sc-260. cdk6 rabbit pAb sc-172, 
cyclin Dl mouse mAb HDI1, cyclin A rabbit pAb sc-596, 
cyclin Bl mouse mAb sc-245, and p2l rabbit pAb sc-397, all 
from Santa Cruz Biotechnology. CA, USA; p27 mouse 
monoclonal antibody From Transduction Laboratories, Lex- 
ington, KY, USA. PSA antibody was purchased from 
DAKO, Denmark. Monoclonal PSTAIRE antibody was a 
gift from S Reed (The Scripps Research Institute, CA, USA); 
cyclin Dl mouse mAb DCS-1 1 and pi 6 mouse mAb DCS-50, 
from J Bartek (Danish Cancer Society, Denmark); E12 and 
El 72, mouse monoclonal antibodies to cydin E from E 
Harlow (Mass. General, MA. USA); and cdk4 rabbit 
polyclonal antibody, for use in immunoprecipitation of 
cdk4, was provided by D Beach (CSH Labs, NY, USA). A 
monoclonal antibody, JC-6, which recognizes the third 
ankyrin repeat of human pl6 (Enders et aL, 1995) and cross 
reacts with human pi 5, was used for immunoblotting of pi 5 
in these studies. Results were confirmed by repeat biologic 
assays with different cell lysates. 



Oligonucleotide transfections 

The sequences of the GS5422 antisense (ASp27) and 
mismatch p27 GS5585 (MSp27) C-5-propyne modified 
phosphorothioates used were 5'-TGGCTCTCXTGCGCC-3' 
and 5-TGGCTCXCTTGCGCC-3', respectively. X indicates 
the proprietary *G-clamp* modification of these oligonucleo- 
tides, provided by Gilead Sciences. Asynchronously growing 
cell cultures were transfected with oligonucleotides at a 
concentration of 50 nM using cytofectin G38I5 at 2.5 /ig/ral, 
as described (St.Croix et aL, 1996). After 6 h the transfection 
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